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PREFACE

Thc Air Force's major guide to corrosion control of real property
and real property installed equipment has been contained in

Air Force Manual 88-9, Chapter 4 which was published August

1962. The corrosion control field has been progressing with

new methods, materials and equipment constantly being introduced.
Since the Air Force's corrosion manual was old and outdated,

a need existed for searching, investigating and documenting

the new methods, materials and cquipment for corrosion control.
It was decided that the most prompt and cconomical method of
accomplishing this task was by procuring the services of

a prominent corrosion engineering firm. Because of the large
volume of the documcnted findings of this endeavor, the
information has been published in three volumes. The first
volume is entitled Corrosion Control - General. The second and
third volumes are entitled Cathodic Protection Testing Methods
and Instruments and Cathodic Protection Design.
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CORROSI10:y COLTROL - GENERAL
SHCTION 1 -~ INTROBUCTION

1.1 2unrRros? This report is spngflcally written for Civil
Lngincerlng personnel but will be used by all clcments of the
iilitary. It covers mainly Real Property and Real Property
Installed Bquipnment.

1.2 SCOPE. This is a report on corrosion and corrusion

cointrol of buried and submerged metal structures. Causes and
taeory of corrosion, as well as cathodic protection application,
material selection, and some coatings are included.

1.5 IMPLEMENTATIOX. The report is a gulde, based on the best
information currently available.




SECTION 2 -~ JUSTIFICATION FOR CORROSION CONTROL INCLUDING
ECONOMICS

2.1 GENERAL. A few of the many reasons to initiate a

corrosion control program for a proposed or existing struc-
ture are:

a. to insure continuity of operations for the success of
the mission, :

b. to minimize hazard to life, limb, product or environ-
ment that a failure could cause,

¢. to satisfy government regulations,

d. to minimize future expenditures resulting from mater-
ial deterioration, thus minimizing annual operating costs.

The relative importance of these varies depending on the in-
dividual structure or system under consideration. Economics
are not always the prime consideration.

2.2 CONTINUITY OF OPERATION, Military facilities are
always maintained in a designated state of readiness; the
activity's importance is determined by the sssigned mission.
For example, the loss of a fuel oil storage tank serving a
boiler supplying heat to a housing area would not be vital
to operations unless the same tank furnished fuel to a
diesel electric generator set that supplied electric power
to a communications center. Here, loss of the tank would be
of vital military imrortance. It is, therefore, evident
that the oil storage tank should be maintained in a high
state of repair and protected from corrosion attack. Econo-
mics must often be sacrificed in order to preserve the con-
tinuous operation of vital facilities. Among the operations
which may be considered vital are:

Communication facilities
Power facilities

Air-craft fueling facilities
Navigation aids
Fire-fighting facilities
Hospitals

Missile-launching facilities
Docks and piers

Water supply systems

2.3 MINIMIZING HAZARDS. Certain materials used ip mili-
tary operations are hazardous to handle. Deterioration of
the structures holding and servicing such materials may
cause danger of fire and explosion, contamination of mater-
ials, injury to personnel, or damagc to the environment.
Corrosion deterioration of structures involving such hazards

4
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may cause damage far in excess of the economic¢ value of the

material contained or corroded structures; some of the pos-

sible damage - personal injury, pollution, depletion of nat-
ural resources - cannot be evaiuated economically.

Many catastrophic structural failures have occurred in
recent years, as in the past, due to improper, or lack of,
corrosion control. Recently, a hydreulic elevator cylinder
failure injured several peopie when the elevator fell 30
feet. Investigatiqn revealed that soil corrosion of the
elevator ¢ylinder was the cause. The hydraulic cylinder ex-
tended 30 feet into the earth below basement floor level;
corrosion deterioration took place on the bottom five inches,
Only .096 inch of the .250 inch thick cylinder wall remained.
This weakened the structure and the weld holding the 3/4 inch
thick bottom bulkhead blew out, allowing the oil to escape
from the cylinder rapidly. This caused the accident.

Figure 2-1 illustrates the condition of the bottom of the
cylinder. So¢il conditions at the site favor buried steel
corrosion.

Corrosion is a major cause of bridge failures. Recently
several major highway bridges have collapsed under use as
the result of corrosion. erious property dsmage, injury,
and loss of life occurred. Some failures were caused by
deterioration of steel "H" piles, corroded in salt water,
Bridge components are subJect to corrosion deterioration
from environmental conditions, galvanic cells and stray cur-
rent action. Corrosion can be controlled through the use of
coatings, cathodic protection, good specifications and the
proper selection of materials for bridge construction.

Explosions are often caused by corrosion. Riveted boiler
explosions have been known to result from stress corrosion
or "caustic embrittlement". The use of welded pressure
vessels has substantially reduced danger from these catas-
trophic failures. However, they still occur in some circum-
stances. Explosions have also caused damage and serious
injury when gas lesks from pipeline corrosion failures.
Corrosion of underground tanks at filling stations have re-
sulted in explosions when gasoline leaked into sewage lines.
Explosions are always a danger where fuels are handled or
stored, but corrosion control can help to make many of them
unnecessary.

These examples indicate that corrosion control may be neces-
sary because of hazards even when it is not economically
Justifiable., Some of the facilities coming under this
classification include:
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a, Pipelines handling gas, propsne, and butane

b. Buried tanks handling liquid and gaseous fuels

c. Tanks and pipelines handling jet fuel and
aviation gasoline

d. Fuel oil pipelines and tanks

e. Rocket-propellant storage facilities

f. Hydraulic elevators and lifts.

2.4 GOVERNMENT REGULATIONS. The United States Depart-
ment of Transportatlon has set minimum federal safety stand-~
ards concerning corrosion control for the transportation of
certain liquids and of natural and other gas by pipeline.
These standards apply only to interstate and foreign com-
merce of hazardous liquids ahd to gas company distribution
and transmission lines within the outer continental shelf,
They are an excellent guldellne for corrosion control of
underground structures in general.

These regulations (AppendixB.) require the use of externsl
coatings of good quality, the installation and inspection of
cathodic protection systems, the installation of test leads
for stray current control, and the proper application of
electrical insulation where necessary. In addition, steps
must be taken to mitigate internal corrosion of pipelines,
and an evaluation of atmospheric corrosion of above-ground
lines must be included in the test program.

In addition, State governments have set up local safety
requirements which may be more rigid than federal standards.
These regulations vary from state to state but also serve as
a guideline to insure proper safety standards, even when
they do not legally apply.

2.5 ECONOMIC CONSIDERATIONS. Once the three previously
discussed considerations have been taken into account, the
economics of carrosion control can be determined. In order
to accomplish this, costs of corrosion losses must be com-
pared to costs of the various methods of corrosion control.

The types of corrosion costs that must be considered include
direct loss or metal structure damage as a result of cor-
rosion, direct maintenance costs attributed to corrosion,
increased construction costs resulting from overdesign to
allow for corrosion losses, cost of lost product, downtime,
and the costs of corrosion control.

The various methods of corrosion control, discussed in
Section 5, include:

Y
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a. selection of corrosion-resistant materials

b. increased material thickness

c. coatings and coverings

d. cathodic protection

e. anodic protection

. stray current control

g. improved e¢’ectrical grounding methods
h. altering the metal's environment

1. inhibitors

The value of any proposed corrosion control is determined
by balancing installation, operating and maintenance costs

of the program against costs attributable to corrosion with-
out preventive measures,

2.5.1 Lesk and Failure Records. A comparison of failure
rates before and after corrosion mitigation provides a basis
for economically justifying corrosion control. Each year's
total corrosion failures are plotted cumulatively against
time. If a logarithmic scale is used for cumulative failures,
and a linear scale is used for time, a straight line curve
results. This curve can be projected into the future.

Figure 2-2 is an example, plotted for a large pipeline sys-
tem. Here a "break" in the curve occurred after corrosion
control (cathodic protection, in this case) was applied.

Had no protection been employed, leaks would have continued
along the original projected line. Instead, a sizable fail-
ure rate reduction resulted. It is important to note that
cathodic protection and other means of corrosion control,
applied to an existing system, do not replace metal already
lost. If corrosion has proceeded to the point of deep pit-
ting, some pits may continue to fail for several months. A
year or so is required before beneficial effects can be seen.

Figure 2-% shows how leak rates are used to compare several
corrosion control methods. Here the leak rate for an 8-

inch underground pipeline has been converted to dollars, and
a linear scale is used. Several types of cathodic protection
are examined here; but such a comparison would be equally
valid for other control methods. This graph indicates also
that a structure's service life is important in studying cor-
rosion control economics. For the system illustrated in
Figure 2-3, economics dictate no cathodic protection for a
design service life of 10 years. For a l5-year life, deep
anodes would be most economical and, for 25-years, a distri-~
buted impressed current groundbed would be chosen.
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2.5.2 Cost Analyses. Comparative corrosion and corrosion

control costs are based on the relative capltal investment
and operating expenses required for various systems. M1ili-
tary methods employ a discounted cash flow technique for
comparing relative capltal and annual expenses. This type
of analysis 1s discussed in detail in AFR 178-1 "Economic

. Analyses and Program Evaluation for Resourcc Management".
The e le given here 1illustrates the Present Value (dis-
counting) technique described in this Regulation and 1s also

~ based on methods outlined in NACE Standard RP-02-72. -

In general, expenses for corrosion control for a military
installation with a glven expected 1ife can be broken down
into capital (those which occur nnly once or are different
each year) and annual (those which are constant for a period
of years) cash flows. Each cost 1s discounted using stand-
ard tables (see AFR 173-1) and a 10% discount rate., The
discounted costs are then summed for the 1life of the instal-

lation and compared to determine the most favorable economic
alternative,

Project design 1life for military installations must conform
to the economic life schedule:

(1) Utilities, Plants, and Utility Distribution
Systems - 25 years., .
2) Builldings - 25 years. 4
3 Operating Equipment - 10 years.
Underground and underwater corrosion systems generally fall
in the first category.

It 1s important to remember that factors other than economics
often play a most important role in determining the best of
several alternatives, Safety, continuity of operation, and
the other factors already discussed must always be consldered
first, before an economic analysis is made.

2.5.2.1 Cash Flow. Caplital and annual cash flow and

g some of the various 1tems to be considered are discussed
here. All cost estimates are made without consideration of
deprecliation or inflation.

. a. Capital Cash Flow. Capital expenditures and
credits are considered at the time which they occur anc¢ are
discounted accordingly. Initial investment, replacement
costs, and salvage value are typlcal examples of capital
cash flow. 1Initial investment occurs at year "0". Replace-
ment costs may occur once, several times, or not at all dur-
ing installation l1ife. Salvage value is the estimate of in-
stallation worth at time of replacement or end of installa-
tion 1life,

b. Annual Cash Flow, Operating and maintenance costs
are the generally considered annual expenses; these are esti-
mated at a constant amount per year and discounted according-
ly. Operating costs include such items as labor,

9
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management, englneering and materlals required on an annual

basls for operations, Maintenance costs are those required

to keep the facllity in good operating order. These costs

can be estimated on a yearly basls, excluding such things -3
as major replacements whilch occur only every several years f
or so. Major replacements are considered under capital

costs in the year(s) in which they are predicted to occur.

2,5.2,2 Illustration. The following example illustrates . }
the method employed by the Military for comparative economic i
analysis. This example 12 based solely on economic consid-
erations; 1n reality, the other Justifications for corrosion
control must also be analyzed.

An elght-mile, 6-inch diameter plpeline supplying a fluid to
an Army installation 1s considered for four different opera-
ting conditions: cost of bare pipe, cost of bare pipe cath-
odlcally protected, cost of pilpe protected with coal tar and
felt wrap, and cost of pipe protected with coal tar, felt-
wrapped, and supplemented with cathodic protection, It is
further assumed that most of the plpe passes through low
resistivity swampland where the useful life of bare steel
pipe 1s approximately 12.5 years due to the high corrosion
rate, This example 1s Intended to illustrate the method of
economic analysis and not to imply that the method of cor-
rosion control determined optimum for this installation is
necessarlly always the most economlcal,
a., Case 1l: Bare pipe.
—  Based on: 12.5 year life, 25 year
economic life. Total of 128
leaks 1in 25 years. Discount
rate 1s 10%.
(1) capital cash flow

Present
Cash Flow Worth
(a) Cost of pipe, installed, -FU440,000 -$
vear "O" 3
(b) ?gplacement cost, year -$440,000 -$140,000 é

’

(c) Saivage value, years

12.5 or 25 0 0
Total Capltal —§5§§;§§§
(2) Annual cash flow m————— v
Present
Cash Flow Worth
(a) Leak repair and main- - R - ;

tenance ($200/1eak)
(b) Average cost of product -$ 280.% 2,500
lost from leaks

Total Annual -$ 171,800
(3) Total Discounted Cash Flow - -~ . $591,800

10




years. Discount rate is 10%.
» (1) Capital cash flow

Bare pipe, with cathodic protection.
Based on 25 year pipe life; 12,
cathodie protection s stem 1life; 25 year
economic life, Total of 50 leaks in 25

5 year

annual operating costs
and maintenance
Total Annual

(3) Total Discounted Cash Flow

Present
. Cash Flow Worth
(a) Cost of plpe installed, -¥400,000 - .
year O.
P (p) Cost of cathodic protec- -$ 50,000 -$ 50,000
tion installed, year O,
(c) Cathodic protection re- -$ 70,000 -$ 22,300
placement, year 12.5.
(d) Salvage value of pipe, 0] 0
year 25, '
(e) Salvage value of cathodic 0 0
grotection, years 12.5 or
5.
Total Capital -$512,300
(2) Annual cash flow Present
Cash Flow Worth
(a) Leak repair and main- -3 o000 -¥§ 3,600
tenance
(b) Average cost of product -$ 110 -$ 1,000
lost from leaks
(c) Electrical power for -$ 900 -$ 8,200
rectiflers
(d) Other cathodic protection-$ 2,500 -$ 22,700




c. Case 3. Plpe coated with coal tar enamel and
wrapped.
Based on 15 year coated pipe 1life, 25
year economic l1life. Total of 35 leaks
in 25 years. Discount rate 1s 10%. F
(1) capital cash flow .

Present
Cash Flow Worth )
(a) Cost of coated and -3515,000 -3¥5I5,000 .o
wrapped plpe, installed, ’
year 0.
(b) Replacement of pipe, -$515,000 -$123,000 .
year 15,

(¢) Salvage value of pipe, +$171,000 +$ 15,800
year 25, (Straight-line

i depreciation)
| Total Capital T§627,500

: Present
1 Cash Flow Worth
? (2) Leak repalr and -% 300 -% 2,700

{ (2) Annual cash flow

»
maintenance

|

{ (b) Average cost of product - $ 7 - 700
i Total Annual - s

| (3) mTotal Discounted Cash Flow -$625.600

12
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d. Case 4. Pipe, coated as in Case 3, with cathodic

protection.

Based on 25 year plpe life, 25 year cath-
odic protection system life, 25 year
economic life, Total of 15 leaks in 25
years. Discount rate is 10%.

(1) cCapital cash flow

Present
Cash Flow Worth
(a) Cost of coated and -3515,000 -$515,000
wrapped plpe, installed,
year O, :
(b) Cost of cathodic -$ 12,000 -$ 12,000
protection installed, :
year O.
(c) Salvage value of pipe, 0] 0]
year 25,
(d) Salvage value of cathodic 0 0
protection, year 25, :
Total Capital =$527,000
(2) "Annual cash flow
Present
Cash Flow Worth
&ag Leak repair and - -3 1,200
b) Average cost of product - 30 -~ 300
lost from leaks .
gcg Annual maintenance —2 140 —2 1,300
d) Electrical power for - 190 - 900
rectifiers ’
(e) Other cathodic protection-$ 500 -$ 4,500

operating and malintenance

(3) Total Discounted Cash Flow —§535;200

e, Comparison of Results

Case
Case
Case
Case

From

Total Cost
one N
two 507,800
three 625,600
four 535,200
this analysis wc find that Case 4 i1s the most

economical for the 25-year life required., Therefore, the
pipe should be coated, wrapped, and cathodically protected.

13
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SECTION 3 - CORROSION THEORY

3.1 CORROSION DEFINED. The National Association of Cor-
rosion Engineers (NACE) has recently defined corrosion as:

"The deterioration of a material, usually a metal,
because of a reaction with its environment."

Although many other definitions are available and accept-
able, this is especially current, because it takes into
account the increasing use of non-metals as materials of
construction. Non-metals corrode, too, and will be consid-~
ered along with the traditional subject of metallic cor-
rosion.

Metallic corrosion is a natural phenomenon. Metals rarely
occur in nature in their pure form, and corrosion is essen-
tially the tendency of a refined wmetal to return to its
natural s*ate as an ore. Iron, for example, "rusts" to
form the familiar iron oxide compound, one form of which is
a main constituent of iron ore.

This tendency of metals to revert to their natural state is-
related to the release of energy originally stored up when
metallic ore was refined to the pure metal. The metal sta-
bilizes itself by releasing this energy and returning to its
natural form, i.e. by corroding. The amount of energy re-
leased by this process and, hence, the inherent tendency to
corrode is different for each metal. The relative tendency
of various metals to corrode will be discussed later, in
paragraph 3.4, covering the electromotive series.

3.2 ELECTROCHEMICAL ACTION. Electrochemical corrosion -
a chemical reaction accompanied by D.C. electrical current
flow - was traditionally taken to be the only form of cor-
rosion., Metals, for the most part, corrode clectrochemic-
ally, but a broader definition includes deterioration due at
least in part to chemical or physical causes.

3.,2.1 Ions and Ionization. A prerequisite of understand-
ing the mechanism of electrochemical action is some know-
ledge of the structure of matter. Of particular inter-
est are ions (electrically charged atoms or molecules) be-
cause the production of ions provides the means wherety a
metal changes from a metallic form to a corroded form in an
aqueous solution.

All matter is made up of atoms. Each atom, in turn, is made
of a nucleus, which contains a given number of particles of
unit positive charpgee gprotons), surrounded by particlas of

unit negalive churge (eleclrons) of like number. lach poui-~

tive charpe balances a negative charge 5o that the atom

14
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itself 1is electrically neutral. For example, hydrogen, ar

element which plays an important part in many corrosion re-
actions, has only one proton in the nucleus and is associ-

ated with a single electron. The hydrogen atom, therefore,
represents the simplest form of element construction. See

Flgure 3-1 and 1ts explanation,

In more complex atoms, the charges are greater than one;
but, in each case, the number of negatively charged elec-~
trons 1s equal to the number of positively charged protons
in the nucleus, If one or more of these electrons are re-
moved from any atom, the remaining electrons will not be
sufficient to neutralize the positive charge in the nucleus,
and the residual part of the atom, now called an ion, 1is
positively charged. If one or more electrons are added to
a neutral atom, a negatively charged ion results.

Molecules - groups of atoms bonded together and acting phy-
sically like an atom - form ions in the same way as atoms.
In addition, molecules produce ions as a result of the pro-
cess known as dissociation. Dissccilation is merely the
breaking up of a molecule into its component parts. When
this occurs while the molecule is dissolved in water or oth-
er solvents, the component parts become lons, some of which
carry positive charges and others, negative charges, To be
more specific, there will always be 1n an aqueous solution
positively charged hydrogen ions (HV) and negatively charged
hydroxyl ions (OH™) as a result of the dissoclatlon of water
(Hp0). There may be, in addition, numerous other ions which
are formed as a result of the dissociation of dlssolved
acids, bases, and salts. Acids dissoclate into positively
charged hydrogen lons and negatively charged ions of some
nonmetallic atom or molecule., Hydrochloric acid (HCl), for
example, dissoclates into hydrogen ions (Ht) and chloride
ions (C17); sulfuric acid (H 804; dissociates into hydrogen
ions ) and sulfate ilons (504 . Bases or alkalies dis-
soclate into positively charged ions of a metal or metal-
like molecule and negatively charged hydroxyl ions,

For example, caustic soda or sodium hydroxide (NaOH) dis-
sociates into sodium ilons (Nat) and hydroxyl ions (OH™).

It 1s to be noted that acids always yleld hydrogen and that
alkalies always yleld hydroxyl ions. Salts, which are
formed as a result of reactions between acids and bases,
dissoclate Iinto ions of the nonmetallic atom or molecule
which 18 characteristic of the acid and ions of thc metal
or metal-llke molecule which is characteristic of the base.
Common table salt, sodium chloride (NaCl), dissocilates into
sodium ions (Nat) and chloride ions (C17).

The formation of 1lons 1n solution is also a property of
metals, although a mechanism different from dissccilation

applies,
15
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“M" shell

energy levels

"K* shell

“L" shell

Nucleus

1) Atom's Basic Configuration

2) Hydrogen Atom (H)

17 Electrons
Nucleus

17 Protons @

3) Chlorine Atom (Cl)

Nucleus, One Proton

Two "shared" electrons

4) Hydrogen Molecule (H5)

Nucleus, |7 frotons

B

Two "shared” electrons
5) Chlorine Molecule (Cl2)

Nucleus, One Proion
no electrons

Net Positive Cn.rge

6) Hydrogen lon (H"’)

Nucleus, 17 Protons 18 electrons

©

Net Ne_.itive Charge
7) Chlorine lon (CI7)

18 electrons  Nucleus, 17 Protons

Nucleus, one
proton

no electrons

lonic Molecule

8) Hydrogen Caloride (HCI)

Figure 3-1

SCHEMATIC DIAGRAM OF ATOMS, MOLECULES, IONS
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EXPLANATION OF FIGURE 3-1

1) Each neutral atom contains a nucleus composed of "n"
positive charges (protons) equal in number to the atomic
welght and the same rumber of electrons. The electrons are
negative charges dispersed in shells (energy levels) around
the nucleus. Each shell contains no more than a character-
istic maximum number of electrons. Shown here are the K
zmaximum 2 electronsg, L (maximum 8 electrons), and M
maximum 8 clectrons) shells. If all the shells of an atom
contaln these maximum numbers of electrons, the atom is
relatively unreactive or "inert".
2) The hydrogen atom (H) consists of one electron in the
K shell and a nucleus cc..caining one proton.
3) The chlorine atom (Cl) is composed of a nucleus con-
taining 17 protons surrounded by 17 electrons, The K shell
contains 2 electrons; the L shell, 8 electrons; and the M
shell, 7 electrons. The tendency »f this atom is to gain
an electron to "satisfy" its M shell.
4) The hydrogen molecule (Hp) consists of 2 hydrogen
atoms whose electrons are "shared", forming a bond between
the atoms.
5) The chlorine molecule (Clo) 1is composed of 2 chlorine
atoms, sharing one electron from the M shell of each (2
electrons total). In this way, each atom has essentially
8 electrons (including the shared ones) in its outer M
shell and 1s, therefore, satisfied.
6) The hydrogen ion (Ht) is a hydrogen atom without its
electron., It 1s, therefore, positively charged.
7) The chlorine ion (Cl‘s is a chlorine atom with an
extra electron in its M shell. There are 8 electrons in
its M shell, and it is, therefore, satisfied. The chlor-
ine 1on has a net negative charge due to the additional
electron,
8) Hydrogen Chloride (HC1l, also known as hydrochloric
acid) consists of a hydrogen ion and a chlorine ion, bonded
together by their differences of charge (opposite charges
attract). Hydrogen Chloride is an "ionic" compound, unlike
the hydrogen and chlorine molecules which are referred to
as "molecular" compounds because they share electrons.

17

v,

Y v s ek g

A

b= 2

B scoiadallcs ;. MR st mecaliSe . cosne Sbitiaie, oL




Metal atoms are like other atoms in that they contain a
nucleus of a given positive charge surrounded by a number
of electrons totaling the same charge. However, faccording
to the present concept, when metal atoms unite ¥n one of
the famillar metallic solilds, the atoms do not remain neu-
tral; positive ions are formed. These positive ions are
bonded together by the electrons left over from the neutral
metal atoms. No electron 1s held by any one ion; instead
the electrons form a "cloud" of negative charge around the
positive 1ons., The overall metal 1s electrically neutral;
but lons form the basic structure, not atoms.

As a result of the unique structure of metals, when a metal
dissolves in an aqueous solution, only positive lons result.
One or more electrons are left behind on the parent metal.

It 1s this process which takes place when a metal corrodes,.

3.2.2 0Oxidatlon-Reduction Reactions. Electrochemical re-~
actlons are made up ol two parts - oxidation and reduction.
Oxidation occurs when electrons are produced; reduction is

IndIcated when electrons are consumed. In the overall re-

action, the number of electrons produced always equals the
number consumed; there 1s never an accumulation of electrons
at any point.

Consider the example of zinc metal (Zn) dissolving in hydro-
chloric acid (HC1l). The reaction products of this electro-
chemlcal reaction are the soluble salt zinc chloride (ZnClp)

and hydrogen gas (Ho). The overall reaction balanced chem-
ically is written:

Zn + 2HC1l = ZnClp + Hp (1)

Note that electrons (e~) do not appear in this reaction. 1In
order to determine the number of electrons transferred, the
individual oxidation and reduction reactions are examined.
First, the problem is simplified by realizing that both hy-
drochloric acid and zlnc¢ chloride dissociate in aqueous sol-
ution:

HC1 = HY + Cc1” (2)
znCly = zntt + 2c1” (3)
Substituting the ions for the molecules in reaction (1), one

finds the chloride ions "cancel out"”, playing no important
part in the reaction:

Zn + 20" + 2217 = 2n*t + 2017 + B (4)

Now the oxidatlion reactlion is seen to be zinc metal dissolv-
ing to zinc ions and electrons:

Zn = Zntt 4+ 2e” (5)

The reduction reaction then unites hydrogen lons and elec-
trons to produce hydroren pas.

18
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Yor every zine atom dlissolved, one hydrogen moleenle 1 pro- g !
duced and two electrons are transferred. Complicated reac- 1
tions involving many chemical species, also occur, but any
electrochemical reaction always contains oxidation and re-
duction.

3.2.3 The Corrosion Cell. Because metals corrode electro-
chemically, the corroslon process can be divided into oxida-
tilon and reduction reactions. 'These reactions take place at
different points connected together electrically to allow
the electrons produced at one point to be consumed at the
other. This entire electrical circuit is the corrosion cell.

3.2.3.1 Description. The corrosion cell 1s made up of
four basic parts: anode, cathode, electrolyte, and external
electrical path. The oxlidation reaction (corrosion) takes
place at the anode; reduction occurs at the cathode. Elec-
trons flow from anode to cathode in the external electrical
path. The electrolyte, a fluid or solid in which ions move
freely, completes the circuit. 1In order for corrosion of a
metal to occur, all four parts must be present.

Agaln consider the example of zlinc metal dissolving in hydro- '
chloric acid, this time in somewhat different form (Figure .
3-2). The zinc metal strip is the anode; the platinum strip, 3
the cathode, The wire connecting the two metals 1s the ex-

ternal electrical path, and the hydrochloric acid, in which

the two metals are partially submerged, is the electrolyte.

Oxidation occurs at the zinc anode. Zinc lons go into solu-

tion and electrons travel through the external wire path to

the platinum cathode. Here reduction occurs as the elec-

trons on the cathode surface combine with the hydrogen ions

in the electrolyte to form hydrogen gas. In the electrolyte

there is a net motlon of positive lons toward the cathode

and negative ions, toward the anode. As before, one zinc ion

1s produced (at the anode) for each molecule of hydrogen gas i 1
produced (at the cathode), . §

Moving charges, whether electrons or ions, constltute an
electrical current. By Ohm's law, a voltage or potential
gradlent causes a current flow. A potential gradient in a
metal causes electron transfer. A poitential gradient in an
electrolyte causes ion transfer. By definition, current
flow 1s in the direction positlive charges move; that, is,
opposlte the direction of electron or negative ion flow. It
1s the potential gradient between the anode and cathode that
results in current flow in a corrosion cell.

Py

3.2.3.2 Electrolytes. The electrolyte in a corrosion A¥
cell differs Trom the three metallic parts, because elec- ]
trons do not use it as a path., 1Instead, 1lons are the charge

carriers. :
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Current Flow
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1

(1) CATHODE 4=

(i) ANODE

(4) ELECTRO- || o
LYTE | HCl n¥

A

Figure 3-2
THE BASIC CORROSION CELL

a. Importance of Electrolytes. An electrolyte 1s a
substance such as water or soll which serves as a medium for
the flow of an electric current between anode and cathode
areas of an active corrosion cell. Corrosion of metals can-
not take place except in the presence of a sultable electro-
lyte. Electrolytes are, therefore, important and should be
better understood 1n order to comprehend the process of cor-
rosion.

The conductlvlity of «n electrolyte depends upon the presence
of ions. When the total number of positive charges 1in an
electrolyte 1s equal to the total number of negative charges
the electrolyte 1s consldered to be 1In a state of equilibri-
um. Now, 1f metal ions from a corroding metal such as zinc
(Zn++) go into solution, the electrochemical neutrality of
the electrolyte becomes unbalanced because an equal number

of nepatively charged long are not added an the same Lime,
In order to rceitore Lhe balan-o, 1t Yo necconary to Jdo one
of two thinys: olther adl an equlvalent number of

20

-




I ST

U s e, Wb =

A" .
2 e I WSSk MO & SR s Kl o .

nepabively chargqed tons to mateh Lhe 2lne tons ('/.nH'), or
an equal number of positive charges must be displaced from
the solution (electrolyte). It is the latter which is con-
sidered here, because it 1s the one which 1s encountered in
electrochemical corrosion reactions. The ions displaced may
be those of another metal but, in most cases, it is the ele-
ment hydrogen combined to form hydrogen gas.

The abllity of an electrclyte to opp.se the f'low of electric
current 1s expressed in corrosion termlnology as the electri-
cal resistivity of an electrolyte. It is usually computed

in ohms resistance for 1 square centimeter of cross section
and 1 centimeter length of the electrolyte. The resistivity
of the electrolyte 1ls commonly expressed as ohm-cm., and will
be used in this form throughout the text. A low resistivity
indicates that the electrolyte is a good conductor of elect-
ricity, whereas a high resistivity indicates that the electro-
lyte is a poor conductor of electricity.

b. Soll as an Electrolyte.

(1) Characteristics. Soils vary widely in physical
and chemical characteristics which in turn affect their cor-
rosivity towards metals. The Department of Agriculture rec-
ognizes several soil groups, which are divided into some
three thousand soil series, most of which have at least three
horizons or layers, differing in physical and chemical prop-
erties. The name of a soil 1s divided into two parts: the
first indicating the series to which the soil belongs, and
the second, the texture of the uppermost soil layer., The
texture of the upper layer 1s determined by the percentage
of varlous size particles. The size particles 1n solls are
classifled as those having dlameters of two or more milli-
meters and those having diameters of less than two milli-
meters, such as clay and silt., In general, the term soil is
applied to the first few feet of finely divided materlal on
the surface of earth which at one time was solid rock.

Solls consist essentially of four types of substances:
mineral matter, organic matter, water, and alr,

(2) Effect of Moisture. The molsture content of a
soill greatly affects its corrosivity. This is due to the de-
crease in the resistivity with the increase in moisture con-
tent up to a point near saturation. It should be remembered
that 1t is the lon content of the electrolyte that determines
the resistance to the flow of an electric current. The graph
in Figure 3-3 1llustrates the change in resistivity with the
change in moisture of a specific clay soll. With only 5 per-
cent moisture, the resistivity was 1,200,000 ohm-cm. and
with a moisture content near 20 percent, the resistivity
dropped to 5000 ohm-cm. Any increase in moisture content
beyond 20 percent did not appreciably affect the resistiv-
ity.
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' Other types of soils yileld similar curves but the lowest

resistivity point may vary depending on the constituent
salts.

(3) Effect of Aeration., In well-aerated soils,
the iron compounds are oxldized to the ferric state Fe(OH)3.
These soils have a red or yellow color. In poorly aerated
solls, due to the low oxygen content, the solls are generally
gray in color, indlcating the presence of reduced forms of
1ron,

Size of soll particles has a definite relation to aeration
and ability of soils to retain molsture. Difference in size
of soll particles may cause the formation of concentration
cells. Metals in well-aerated soils (larger soil particles)
will be cathodic to metals in poorly-aerated soils (finer
soill particles). (paragraph M.3.2.§.

Aeration factors are those that affect the access of oxyzen
and moisture to the metal and thereby affect the corrosion.
Oxygzen can be from either atmospheric sources or from the
reduction of salts or compounds, This oxyzgen may tend to
stimulate or retard the corrosion process, the guantity
being the control-
ling factor. Oxy-
gen when present in 1200
large quantities

wlll form Insoluble
compounds at the
anode and thus re-~
tard corrosion.
Oxygen, when
present in ordinary
quantities, stimu-
lates the corrosion
process by combin-
ing witih hydrogen
at the cathodc.

In ordlnary quan-
titles, oxygen may
also combine with
metal ions which
have migrated away
from the anode.
This combination 5
further increases
the rate of corros-

g 8
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Resistivity in thousands of onms

Moisture Content of $oil in Percent

ion. Oxygen, when " Figure 3-3
quantities or ON RESISTIVITY OF A CLAY SOIL

absent, will not
affect the curros-
ion process and
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corrosion will proceed at a minimum rate. Some specific
examples i1llustrate the effects of well-aerated and
poorly-aerated soils,

(a) On tanks or pipelines, the upper portion of
the structure usually 1s in well-aerated soil, whereas the
lower portion is in poorly-aerated soil. This causes the
bottom of the structure tocorrode due to the formation of
a differential oxygen cell with the ancde on the bottom
(paragraph 4,3.2).

(b) In cross-country pipelines, a different type
aeration cell is formed. Soils in the open are more aerated
than in compacted areas as highway and railroad beds. Pipe-
lines exposed to such variations will generally corrode more
readlly under compacted areas because of the difference in
aeration,

(4) So1l Classification. Soils are classified ac-
cording to physical and chemlcal characteristics rather than
from their geologlc origin or geographic location. There
are two general classifications in the United States, those
in which lime accumulates in the subsoil and those in which
1t does not. The lime-forming soils lie west of a line from
northwestern Minnesota to a point on the Gulf of Mexico 100
miles north of the Mexican torder, East of this line the

non-lime-forming soils predominate. For further informstion,
see reference 1,

Soils can further be classified into resistivity ranges 1n
ohm-cm., such as shown in Table 3-1. The corrosion activity
indicated in this chart excludes such factors as stray cur-
rent or galvanic cells which could change the values,

Table 3-1
Reslstivity Resistivity Range Antlcipated
Classification ohm-cm, Corrosion Activity
Low 0 to 2,000 Severe
Medium 2,000 to 10,000 Moderate
High 10,000 to 30,000 Mild
Very High Over 30,000 Unlikely

c. Water as an Electrolyte.
(1) Fresh Water

(a) Effect of Dissolved Solids. The most fre-
quent contact with dissolved solids is that found in natural
waters, Water in nature 1s never really pure. Ever when 1t
falls from the clouds in its purest natural state, it con-
tains some dissolved dust and gases, plus suspended matter.
After 1t has run over the surface of the ground or percolated

through soll or rock layers, its impurities have greatly
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increased because water 1is practically a universal solvent
anc dissolves a little of everything it touches.

In natural fresh water, the relative average order of oc-
currence of alkaline minerals is calcium, sodium, magnesium,

and potassium. Silica 1s a constituent of all natural

waters. In surface waters, it ranges from less than 2

parts per million to over 60 parts per million. In ground

waters, it ranges from about 2 parts per million to about .
110 parts per million., These figures are for domestic

waters. Highly mineralized waters have a higher silica con-

tent, Silica makes water harmful and dangerous to steam .
boilers, since 1t precipitates and forms a hard, glassy

coating on inside surfac-s.

Water hardness refers to the content of salts of calcium
and magnesium., It is usually expressed as an equivalent
concentration of calcium carbonate and may vary from 10 to
1800 parts per million. Hardness is generally considered
objectionable, since it forms scale and interferes with dyes
and soaps. However, in some water-treaiment plants, cal-
clum and magnesium salts are aided to water to control inter-
nal corrosion,

(b) Effect of Dissolved Gases. Sources of nat-
ural water are wells, springs, ponds, and the like, all
depending on rain water, As raln falls through the air, 1
each drop absorbs gases, and additional gases are absorbed r
as the water passes through streams, rivers, and waterfalls q
on its way to the sea. The most significant of these gases
are oxygen, carbon dioxlde, and hydrogen sulfide.

Oxygen 1s an =sxtremely active element, attacking some metals
strongly. Oxygen also acts as a cathodic depolarizer by
preciplitating metal lons out of solution, permitting more
metal 1lons to enter Into solution and also by combining
with hydrogen films on metal surfaces, thereby exposing the
metal to direct contact with water. One of the most vulner-
able structural metals 1s steel. 1In the presence of free
oxygen, a film of reddish brown ferric oxide quickly forms, .
This is the familiar "rust" that everyone has observed.
Rust on the inside of water pipes is apt to flake off,
which leaves fresh metal exposed to attack by oxygen and
also leads to clogging of the pipe where the rust flakes
may accumulate, Thls corrosion is proportional to the dis-
solved oxygen content and also to the temperature,

Hydrogen sulfide gases are also found in some water that is
distasteful for drinking purposes; they are corrosive to
most metals and are objectlonable for thls reason., Free
carbon dioxide gas 1s also found irn most natural waters,

In surface waters, the content is usually low, In some
rivers 1t can at times reach 50 parts per milllion. In
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ground watcrs, carbon dloxide ranges from zero to concen-
trations so high that they cause the water to bubble when )
the pressure is released. Waters derive thelr carbon diox- £ i
ide content from various sources. Carbon dioxide is also ’
formed when bicarbonates are decomposed.

e

Carbon dloxide, assoclated with oxygen, can cause serious
corrosion in a boiler. It either enters the system as free
carbon dioxide gas in the raw make-up water or 1s generated
in the boiler by the decomposition of carbonates and bicar-
bonates of sodium, calcium, and magnesium, :
(c) The pH Range. Natural waters found in soils :
and rivers usually range in pH from six to eight,.
(d) Resistivity Range. The resistivity of nat-
urally fresh water usually varies from 300 to 20,000 ohm-
cm.,
- (2) Sea Water. Sea water 1s characterized by the
presence of dissolved salts, principally sodium chioride.
Since most of these salts are chemically neutral, the pH
of salt water is in about the same range as that of fresh
water, but is most often greater than 7. Resistivity, how-
ever, is different. It may be as low as 15 ohm-cm., in
troplcal waters or as high as 40 ohm-cm. These low values
offer little resistance to the flow of electric currents;
therefore, sea water 1s conduclve to corrosion,

3.2.3.3 Anodic and Cathodic Processes. The example cf .
a corrosion cell, glven earlier, Indicated three distinct i
pleces of metal (zinc, platinum, and connecting wire) as
the anode, cathode and electrical patt. However, it would
have been equally correct to show one plece of metal, con-
taining all three parts of the cell. A pilece of iron, in
low resistivity soil for example, corrodes even when not in
contact with other metals. Here, certain well-defined areas
(anodic and cathodic) exist on the surface of the metal.
At the anodic areas, metal goes into solution as positive
. ions; at the cathodic areas, a reducing action takes place
which usually does not involve the metal. The remainder of
the metal acts as the path for electron transfer. The four
distinct parts of the cell still exlist, but three of them
are located on the same pilece of metal.

EREE S

The reason for a corrosion cell's existence on a single
plece of metal in an electrolyte is the same as for a bil-
metal corrosion cell - a voltage or potential difference
exists between anode and cathode causing electrical charge
to move, If there were no potential difference between the
two electrodes, no anode and cathode areas would exist;

\ hence, no corrosion. This can be explained in terms of

y solution pressure and osmotic pressure.
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Each metal has a definite solution pressure. This 1s the
measure of the tendency of the metal to pass into aqueous
solution in the form of lons. It 1s opposed by the osmotic
pressure of metal lons, which tends to drive them out of
solution and deposit them on the metal. When a metal is im-
mersed in an aqueous solution of one of its salts, solution
potential of the metal (P) tends to increase the number of
ions 1n the solution. On the other hand, the osmotic pres-
sure of the ions (p) tends to decrease the number of ions,
With an active metal such as zinc, (P) is greater than (p).
Under this condition, positively charged ilons go intoc solu-
tion and electrons are produced., When the solution pressure
equals the osmotlc pressure, no further ionic change will
occur and nod potential 1is developed., When (p) is greater
than (P) as in the case of copper and the more noble metals
in a solution of their salts, ions of the metal are depos-
ited, consuming electrons. The solution in the vicinity of
the electrode becomes charged by the corresponding negative
ions,

a. Area Effect, Corrosion of a metal takes place
where current leaves the surface and enters into the elec-
trolyte, Total current leaving the anode surface exactly
equals the total current entering the cathode surface.
Thus, for a given cathode area and amount of current, any
size anode of a certain metal will lose the same welght of
metal to corrosion. Also, the larger the cathode-to-anode
area ratlo, +*he greater the corrosion per unit area of
anode. Thils concept, very lmportant in corrosion control,
1s the area effect. It implies that the smaller the anode,
the hlgher the corrosion rate.

b. Electrochemical Equivalents, Dissimllar metals,
when coupled together 1n a suitable environment, will
corrode according to Faraday's law; that i1s, it requires
96,500 coulombs or 26.8 ampere-hours to remove 1 gram-
equivalent of the metal. At this rate, the amount of metal
removed by a current of 1 ampere flowing for one year 1s
shown on Table 3-2.
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Table 3-2

Electrochemical Equilvalents of Some of the Common Metals

Metals Pounds Loss per Amp-Year

Iron (Fett) 20,1

. Aluminum (A1+++) 6.5

Lead l+ 74.5

Copper (Cu ) 22.8

F . Zinc (Zntt 23 6
“ Magnesium (Mg++) 8.8
3 Nickel (Nitt) 21.1
3 Tin (Sn +) 42,0
3 Silver §A§+l 77.6
k- Carbon +) 2.2

4 c. Some Typical Reactions. The example of zinc cor-

i roding in acid solution and producing hydrogen is a simpli-
fled situation, Often, several reactions occur at the cath-
ode, whils at the anode, metal lons form corrosion products
instead of merely dlssolving.

Iron (Fe) forming rust(Fe(OH)3) in water (Hp0) containing
dissolved oxygen (Oo) may 1nvo1ve a number of reactions.

(1) Overall reaction

4 Fe + 305 + 6Hp0 = 4Fe(OH)3
(2) Electrolyce dissociation

Op + Hy0 = Op + HY + OH”

Anode reactions

V. ‘

Fe = Fetty 2e”
Fett 4+ 2(0H) = Fe(0OH), (ferrous hydroxide)
. upe(oﬁ)g + Op + 2Hp0 = UFe(OH);

Cathode reactions
2HY + 2e” = H,

Op + 4HY + le™ = 2H0

2Hy + Op = 2Hp0




Addltional reactions take place, particularly in the pres-
ence of sufficlent oxygen. Oxygen promotes corrosion by
converting ferrous iron %o the less soluble ferric iron
(rust). This rust may form away from or next to the iron
surface, depending on several factors including alkalinity
and oxygen content., When the rust film forms on the iron
surface, it becomes cathodic to an unrusted metal surface;
the unrusted surface becomes anodlc and goes into solution.
Thus, the oxygen content of any solution is an important
factor 1n the rate of corrosion. In the absence of oxygen
or some oxldizing agent (agent which behaves as oxygzen in
removing electrons from an element), corrosion may cease.

Some other positive ions, which take part in reactions at
the cathode, are calclum and magnesium. They form bases,
resulting in an alkaline conditlion at the cathode., Under
certain conditions, these bases may be present in concentra-
tions high enough to allow thelr precipitation.

O2 + 2HoO0 + 2e~ = Hp02 + 20H-
Reduction of oxygen to form hydrogen peroxide and hydroxyl
lons.
O2 + 2H20 + Ue™ = L4OH~
Reduction of oxygen to form hydroxyl lons.
Catt + 2Ho0 + 2e~ = Catt(OH™ )y + Ho
Reactlon at cathode.
Mgt + 2Ho0 + 2e” = Mg™+(0H )p + Hp
Reactlon at cathode,

3.3 FACTORS AFFECTING CORROSION, The potential differ-
ence between the anode and cathode can originate from sever-
al sources. Almost any chemical or physical difference be-
tween the anode and cathode areas will cause a natural poten-
tial difference. This difference can be 1n the elesctrolyte
or the metal. Common differences whilch cause potentials suf-
ficlent to support substantial corrosion are different metals
(for example, copper and iron coupled will have a potential
difference of approximately 0.6 volt), impurities in the
metal, different metal surface conditlons, different concen-
trations of chemicals within the electrolyte (especially
oxygen concentration), and temperature differentials., Any
direct electric current, such as stray currents from improp-
erly grounded D.C. motors or generators, wlll support cor-
rosion. Usually alternating current will not cause appreci-
able corrosion when leaving a metal structure unless the cur-
rent 1s partially rectiflied. Because of the large voltages
and amperages usually involved, stray currents can cause
unbelievably extensive and rapld corrosion.

It 1s important to remember that thls corrosion process is
universal for all metals. Cast iron, steel, copper, lead,
concrete reinforcing steel, stainless steels, exotlc metals -
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all will covrpendrn piven a favorable environment, For the
comnon metals, such as cast lron and structural stecel, most
enviraonments are corrosive, Some factors whlch generally
el'tfcet corroslon of metals arce dlscematssed heve,

3.3.1 Electrolyte Resistivity. The effects of various
factors on s80ll and water resistivity have been previously
discussed., The effect of electrolyte resistivity, in gener-
al, is quite simple; as resistivity decreases, corrosion in-
creases,

3.3.2 Temperature. Temperature may alter the corrosion
behavior of an electrolyte or a metal, with different
results, depending on the system being considered. In zen-
eral, 1t is known that chemical reactions usually are more
rapid at elevated temperatures; this 1dea applies to reac-
tions that make up the corrosion process, too, It does not
always hold true, of course; often combinations. of factors
result in unexpected behavior at high temperature. For ex-
ample, galvanized steel 1s a common material of construction;
it 1s known that below about 140°F, the zinc galvanizing is
anodic to the steel base and corrodes preferentially, pro-
tecting the steel. At elevated temperatures (above about
170°F), however, this situation is reversed, as the steel
becomes anodic to the zinc and actually corrodes the metal
1t was deslgned to protect.

L}
Some general comments about the effects of temperature on
the behavior of the common electrolytes, soil and water,
may be safely made,

The effect of temperature on the resistivity of soil is a
gradual increase in resistivity with a decrease in tempera-
ture untlil the freezing poilnt is reached. At temperatures
below the freezing point, the resistance increases rapidly
according to the formula:

R15'5 = Rt(24.5 + t)
50
where
Ry5,5 = resistance of the soll at 15.5°C (60°F)
R¢ = observed reslstance at temperature t°C.

The relation between soil resistance and temperature is
shown in Figure 3-4,

Temperature also affects the corrosive powers of dissolved
oxygen in fresh water. Laboratory tests indicate that an
increase in temperature from 140° to 194°F, doubles the rate

of corrosion by oxygen in water.

29




N VLl
A L 8

aRYNB8BEYIES

15

Resistance -~ Thousands of Ohms

8 wo oN
1

Temperature (°C)

Figure 3-4
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3.3.3 pH

3.3.3.1 The Meaning of pH. In an aqueous solution
there are always som€ hydrogen ions and some hydroxyl ions
as a result of dlssoclation of water. The relative amounts
of these two lons determine whether any solution has the
familiar sour taste, the ability to turn blue litmus paper
red, and other acid characteristics; or whether it has a
bitter taste, soapy feel, the ability to turn red limus
paper blue, and other alkaline characteristics; or whether
it is chemically neutral, neither alkaline nor acid. If
hydrogen 1lons are in excess, the solution reacts as an acild;
1f hydroxyl ions are in excess, the solution reacts as an
alkall; and 1f both lons are present in equal amounts, the
solution is neutral. Golng further, aclds are idsntified as
substances which, when dissolved in water, increase hydrogen
lon concentration, and alkalles as those substances which,
when dissolved in water, increase hydroxyl ion concentration.
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An important feature of the behavior of any solution con-
taining hydrogen ions (Ht) and hydroxyl ions (OH-) is that
while concentration of individual ions may vary over a wide
range, the product of these concentrations 1s about con-
stant. It follows, then, that if concentration of one ion
is increased, concentration of the other is automatically
decreased to a corresponding extent. The constant for pure
wateﬁ has been evaluated and found to be approximately
10-14, Since this represents the product of equal concen-
tration of hydrogen ions (H+) and hydroxyl ions (OH-), con- ;
centration of each ion must be 10-7 gram-ions per liter. 3

NS

Since the sum of the exponents (the product of the concen-
trations) 1s a constant value, it follows that if it 1s pos-
sible to measure the concentration of eilther ion, the other
can be calculated. Satisfactory methods have been developed
to measure the concentration of hydrogen ions, and it has :
become common practice to state both hydrogen and hydroxyl ‘
ion concentrations in terms of hydrogen lon concentration :
only.

Ll

Since it is customary to state ion concentration of a solu- ‘
tion only in its H value, simple numbers which are logar- i
ithms of the reciprocals of the corresponding hydrogen ion ‘
concentration are substituted for concentrations. These F
simple numbers are called pH values. The following should 1
be remembered: a pH value of 7.0 indicates a balance be- '

, tween H* and OH™ ions and the solution 1s said to be neutral; - I

3 pH values of less than 7.0 indicate an acild solution with |
E hydrogen ion concentratlion becoming progressively greater as j
the numerical value of pH becomes smaller; the pH values f
greater than 7.0 indicate an alkaline solution with the hy- !
droxyl ion concentration becoming progressively greater and
the hydrogen lon concentration smaller as the numerical val-
ue of pH4 becomes larger, and a variation of one pH unit indi-
cates a tenfold variation in the ionic concentrations. For
example, a solution having a pH value of 6.0 has ten times
more hydrogen lons and one-tenth as many hydroxyl ions as
another solution having a pH value of 7.0,

3.3.3.2 Effect of pH on Corrosion. The effect of pH,

. like temperature, depends greatly on the system under con-
sideration. For many systems, little or no effects are ob-
served over a wide range of pH; other systems behave differ-
ently at opposite ends of the scale.

Amphoteric metals exhibit both acid and alkaline properties
depending on their environment. Examples are zinc, lead,
and aluminum. Amphoteric metals are subject to increased
corrosion in either basic or acidic electrolytes; conse-
quently, their use 1is restricted to near-neutral pH systems.
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Iron 1s not amphoteric. The effect of water on corrosion
of iron at 72° and 104°F is shown in Pigure 3-5. Specimens
of mild steel were exposed to water containing an average
of 5 milliliters of oxygen per liter., Sodium hydroxide
(NaOH) and hydrochloric acid (HC1l) were added to produce the
alkaline and acid ranges of pH, respectively.

At pH values greater than needed for hydrogen evaluation

(pH = 4), results of Figure 3-5 can be explained by the pro-
tective layer of hydrous ferrous oxide which is formed on
the 1ron surface by the initial corrosion reaction, Regard-
less of the actual pH of water between pH 4 and 9.5, the
surface of the iron is always in contact with an alkaline
saturated solution of hydrous ferrous oxide.

Corrosion continues as rapidly as oxygen can diffuse throuzgh
the protective layer, the layer being continually renewed by
the corrosion process, Since the corroslon product film next
to the iron is essentially unchanged by externmal conditions
within the above range of pH, corrosion rate 1s not altered
except by change in dissolved oxygen. At pH 9.5 (72°F.),
however, further increase in alkalinity extends its effect
to the iron surface and elther decreases the surface reac-
tion rate (the 1ron becomes passive) or decreases permeabil-
ity of the corrosion product layer to oxygen (by decreasing
the solubility of the ferrous ion, Fet++), 1In either
instance the corrcsion rate 1s expected to decrease as 1s
cbserved,

Within the acid region (pH is less than 4), on the other
hand, the alkaline corrosion product layer is dissolved and
the acld reacts directly with iron. For acids that are not
totally dissoclated into their component ions (weak acids),
the pH at which hydrogen 1s evolved will shift to a higher
(1ess acid) value. For example, carbonlic acid at room tem-
peratures causes hydrogen evolution at a pH of 6 and phenol
solutions at a pH of 7; whereas with sulfuric or hydro-
chloric-acid, the value of pH must reach 4, It appears that
total acidity rather than pH of an acid 1s the controlling
factor.

3.3.4 Pressure. Usually, pressure is constant enough to
be ignored as a factor in corrosion. However, in some indus-
trial applications, it may be important. Pressure sometimes
does have an effect on chemical reactions and may need to be
considered in extreme cases,

3.3.5 Radiation. The effects of radiation on corrosion
are not very clear. In general, it is known that such prop-
erties of metals and other materials as yleld strenpgth and
noreent clonaattan aec altered by radiation,  Twyond thin
pulnt, LLLLLE - 1 Foown,
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3.3.6 Metallurgical Factors. The metallurgical history ,
of a metal can often reveal much about 1ts tendency to cor- ’
rode. Some knowledge of basic metallurgy 1is, therefore, ‘
necessary for a complete understanding of corrosion.

3.3.6.1 Structure of Metals. As noted earlier, metal-
lic solids consIst ol positive lons bonded together in a
cloud of electrons. All of the ions share all of the elec-
trons, resulting in relatively unrestricted movement of the
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electrons. This free movement, restricted only by collis- !
ions with other electrons, accounts for the electrical and ?
thermal conductivity exhibited by metallic solids, The

collislons account for resistivity, Within the solid, the

ions are arranged in a pattern, distinctive of the sub-

stance in question. This pattern 1s called the space lat-

tice, and it i1s characterized by an orderly, repegIEIve

arrangement of the ions to allow as close packing as pos- *
sible. A variety of lattice forms are possible, but metals

usually exhibit cubic, hexagonal, or tetragcnal lattices.

A regular combination of lattices, few or many, is called a
chstal. Crystals form naturally when the metal cools from

8 quid state; many crystals start to form simultaneously
at different points in the random distribution of atoms or
molecules which constitutes a liquid., These crystals en-
large along their planes of growth until they contact other
crystals, Along the lines of contact irregular boundaries
form, and the resulting irregular crystals are referred to
as gralns. Metallic grains normally vary in diameter from
0.0ﬁ to 0.001 inch. The precise size, shape, and orienta-
tion of the grains depend upon the rate at which the metal
cools, and these things help determine the properties of the
solid.

This microstructure of the metal may be altered by alloying
(adding or substituting other substances into the space
lattice), heat treatment (melting and reforming of the
grains), or mechanical deformation, Any of these processes
singly or together can greatly affect the corrosion proper- -
tles of a metal. 3

3.3.6.2 Alloying. Metals in the pure form are rare in
engineering appIIcaE?ons. Generally, alloys - combinations

of substances which together act like metals - are the mater-
ials employed, because they can be altered to produce a wide X
range of properties.

Alloys may be solld solutions of the elements involved, or
mechanical mixtures, or compounds. Whatever tne method of
formation, alloys exhibit properties entirely their own. .

The corrosion properties of alloys depend on many factors '
including the substances involved, the relative amounts, and i
the method of alloying. Properties of individual alloys are

discussed in paragraph 5.3.

3.3.6.3 Heat Treatment. 1In general, heat treatment is
the heating and coollng ol a metallic solid to obtain cer-
tain desirablce properties, As mentloned above, heat treat-
ment can be used to change tha size and orientation of
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gralns which can alter the propertles. Heat treating can
also change the chemlcal compositlion of alloys by removing
inhomogeneities initlated by rapid cooling.

‘a. Annealing to Reduce Stress. When a metal has been
mech2nlcally deformed by a process such as cold-rolling,
forging, etc., high residual stresses are produced. In a
metal which has cooled unevenly, residual stresses also ex-
ist, usually to a lesser degree. The gralns can be made
more uniform and the stresses relleved by annealing. An-
nealing of stressed metals includes three stages: recovery,
recrystallization, and graln growth.

(1) Recovery. Recovery of a cold worked metal is
often used as a partial anneal, because in it the metal re-
gains some ductllity without losing much of the high
strength it galned in cold work. Such a process often pro-
duces improved corrosion resistance and toughness.

(2) Recrystallization. In recrystallization of a
cold worked metal, new gralns form at the boundarles of the
existing grains and gradually replace them. These new
grains are stress free and are accompanied by the return of

strength properties to their low pre-deformation state and
an increase in ductiiity.

(3) Grain Growth. The third step, grain srowth,
merely produces further growth in grain slze Including e
elimination of some grains as others grow. This process
must be controlled, so that a large-grained, unmachinable
metal does not result.

b. Annealing to Homogenize. Coring (chemical
inhomogeneity) 1s often a problem in cast metals because of
uneven coollng. Coring reduces corrosion resistance of many
metals and also decreases mechanical properties. The
speciflic treatment greatly depends on the alloy under con-
sideration, but the basis for homogenization annealing 1s
diffusion. By heating the metal, the atoms are allowed to
move to thelr more natural homogeneous state removing dis-
ruptions in the crystal lattice and improving corrosion
resistance.

¢. Age-Hardening. Another form of heat treatment
which can alter the mechanical properties of certain alloys
is age- or precipltation-hardening. Often the resultant
metal state is less corroslion-reslistant than the original.

A discussion of this phenomenon can be found in any metal-
lurgy text and will not be covered here.

d. Sensitizatlion. Some stalnless steels are subject
to a phenonmen of heat treating known as sensitization.
When heated in the range of 800 to 1600°F (425 to 870°C),
they precipltate chromium carbide in the grain boundarles, -




leaving the areas immediately adjacent to the boundaries low
in chromium, Since 12 percent chromium is required for cor-
rosion resistance in stainless steels, these areas are sus-
ceptible to corrosion. This problem has been observed fre-
quently in welding or stalnless steel. Resolution of this
problem 18 attained by heating the steel to between 1800

and 1900°F (980 and 1040°C) whereupon the carbilde redis-
solves. Quenzhing to room temperature completes the procaed-

ure, returning the steel to 1ts former corrosion-resistar-
state,

3.3.6.4 Mechanical Deformation. During fabrication,
metals are offen plasticly deformed. The term '"plastic"
here refers to permanent deformation, unlike elastic defor-
mation such as is visible when a rubber band 1s stretched
and released. Plastic deformation involves deforming and
disrupting the metal grains; dislocations 1in the space lat-
tice occur and high residual stresses are introduced, These
areas are generally anodic to the remainder of the metal and,
hence, will corrode more rapidly. Pitting, intergranular
corrosion, and stress corrosion cracking may be encountered
if annealing is not employed to reverse the effects of mech-
anical deformation.

3.4 THE ELECTROCHEMICAL SERIES, When two d4ifferent metals
or two like metals under different conditions are joined to-
gether electrically in a solution, they form a "galvanic"
couple", The corrosion of one of the metals (the anode) will
be 1ncreased by the contact; the corrosion of the other metal
(the cathode) will be decreased or stopped. In any practical
situation, 1t i1s necessary to determine which metal is the
anode and which, the cathode. Thi:z can be accomplished by
comparing the corrosion potentlals of the metals for the par-
ticular situation.

3.4,1 Corrosion Potentials and EMF., An electromotive
force is JefIned as the force which tends to cause a move-
ment of electricity throuzh a corductor. 1In a galvanic
couple, this force is the potentlal difference between the
two electrodes,

3.4.1.1 Standard Potentials. The individual potential
of a single metal can be measured relative to other metals.
This potential will be different in different solutions.
For convenlence, a set of Standard Potentlals has been de-
vised, which indicate individual potentials relative to a
specific set of arbitrarily assipned coniltions. These po-
tentials are mcasured relatlve to the "standned hyd open
electrode" which consists of hydroren yas bubblad over a
platinlzed platinum electrode Tmncrasod In o colabion of ualt
activity (a d~finlte hydrosen ton concentration). The metal
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electrodes are immersed in one molal solution of their own
lons, The notential of the sctandard hydropen elecetrvode ig

- arbltrarily assigned the value of zero volts, and the

other potentials are then measured from this standard.

A 1ist of elements arranged according to thelr standard
electrode potentials 1s defined as the electromotive force
series, the sign being positive for elements with potentials
that are cathodic to a standard hydrogen electrode and
negative for elements with potentials anodic to a standard
Eigrogen electrode, The electromotive force series 1s shown
in the Appendix. In most c.ases, any metal in this series
will displace the more positive metal from a solution and
thus corrode to protect the more positive metal. There are
exceptlions to this because of the effect of ion concentra-
tions in a solution and because of different environments
found in practice. This exceptlon usually applies to metals
close together in the serles which may suffer reversals of
potential., Metals far apart in the series will behave as
expected, the more negative will corrode to the more posi-
tive. In an electrochemical reaction, the atoms of an ele-
ment are changed to ions. If an atom loses one or more
electrons (e~), it becomes an ion that is positively

charged and i1s called a cation (example, Fe¥¥). An atom
that takes on one or more electrons also becomes an ion but
it will be negatively charged and is called an anion (exam-
ple, OH"). “The charges are shown in Appendix C. and coincide
with the valence of the elements. ’ '

3.4.1.2 Reference Electrode. References other than the
standard hydrogen electrode are sometimes used to determine
electromotive serlies, because the hydrogen electrode 1s awk-
ward to use in practice. Some common reference electrodes
used in practical applications and their potentials relative
to the standard hydrogen cell are given here:

Half Cell Potential (Volts)
Tenth Normal Calomel +0.3337
Saturated Copper Sulfate +0,3150
Normal Calomel ] +0.2800
Saturated Calomel +0.2415
Silver~Silver Chloride +0,2222
Hydrogen 0.0000

The electromotive serles based on the standard hydrogen
electrode is found in Appendix C,.

A discussion of the copper-copper sulfate half-cell and
other reference electrodes of interest in corrosion control
work 18 found in Section 6.
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3.4.1.3 Galvanic Series. The arrangement of a list of
metals and alloys according to thelr relative potentials in
a given environment 1s a galvanic series. By definition, a
different serles could be developed for each environment.
Such a series has been developed for sea water. The series
serves most practlcal purposes for metals used in the con-
struction fleld. Galvanlc series based on two different
reference electrodes, calomel and copper-copper sulfate, are
given in Appendix D,

The chromium-iron and chromium-nickel-iron alloys frequently
change positions depending upon the corrosive media, partic-
ularly with respect to their oxidlzing power and acidity, or
to the presence of activating lons, such as halides. Incon-
el and occasionally nickel behave in a similar manner,
though the variations in their positions are less frequent
and less extenslve, Although the relative positions of
metals within a group sometimes change with external condi-
tions, 1t is only rarely that changes occur from group to
group. The metals wlthln a group dc not have a strong ten-
dency to produce corroslion among each other and are rela-
tively safe to use together., A3 the grcups become more sep-
arated, the tendency for corrosion between the metals in-
creases, The coupling of two metals wldely separated in the
1list will result, therefore, 1n accelerated corrosion of the
metal which 1s toward the anodlz end of the series. For ex-
ample, when steel and copper are coupled, the steel will
corrode.

3.5 ELECTROCHEMICAL CELILS. Corrosion cells are of three
basic types: the electrolytic cell, the galvanlc cell, and
the concentration cell, All are similar in that they have’
the four baslc components, previously described: anode,
cathode, el:zctrolyte, and external metal conductor.

3.5.1 Electrolytic Cell. The electrolytic cell includes
the four baslc components plus an external source of elec-
tric energy connected in the external circult between the
anode and cathode to cause current to flow, Thils 1s the
type of cell setup for electrically protecting structures
by cathodic protection when electric power is available,

It 1s also typlecal of the cell that exists when stray cur-
rent corrosion occurs. (Figure 3-6a.)

3.5.2 @Galvanic Cell, The galvanic cell, whizh has the
four baslc components, has an anode and cathode of dissimi-
lar metals or dissimllar conditions ¢f the same metal, in a
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homogeneous electrolyte. The common dry battery is a typi-
cal example. The dissimilarity causes one metal to become
the anode and the other the cathode, thereby forming the
battery action. Two different specified metals in the same
electrolyte always produce the same potential (electrical
pressure) between them. This type of cell is established
when zine, magnesium, or anodes of similar metals are used
for protecting structures by cathodic protection when n
direct current power is avallable. (Figure 3-6b) :

3.5.3 Concentration Cell. The concentration c¢ell is
similar to the galvanlc cell except with an anode and cath-
ode of the same material in a nonhomogeneous electrolyte.

i The inequallty of dissolved chemicals causes a potential
A difference which establishes the "anode" (usually the elec-
= trode in the more concentrated part of the solution). Dif-
ferences of kind of chemicals will also produce potentials
in a cell of this type. This type of cell accounts for
most soil corroslion. These cells may be set up by varia-
tions in quantity of oxygen permeating the soil, by differ-
ent concentrations of the same chemical, or by different
kinds of chemicals, (Figure 3-fc) Conditions often occur

also where electrochemical cells are a combination of the
various types of cells.

3.6 CONVENTIONAL CURRENT AND ELECTRON FLOW,

3.6.1 Discussion, Conventional current flow was estab-

2 : lished at the time of Benjamin PFranklin and was based on

b the "one-fluid" theory. By this theory, only positive elec-
E triclty flowed, and the direction of flow was arbitrarily

; assumed to be from posltive to negative,

This assumption was made before anything was known about
the electron. This old zonception of the dilrection of flow
of the electric current is stlll retalned and is called the

conventlonal current flow. Elactron flow 1s opposite in
direction to conventional current flow.

It 1s emphasized that the electrons only flow in the metal-
lic circult portion of a corrosion cell, Current flow in
the electrolyte (the direction of travel of the positive
ions) is opposite in direction to the electron flow.

Figure 3-2 shows that positive ions are formed at the zinc
anode and migrate toward the platinum cathode. 1In théd elec-
trochemical action that takes place on the surface of the
zinc, which 1s in contact with the electrolyte, the &inc
atoms glve up two electrons (e~) that will flow in the
metallic circult (external circuit) to the platinum cathode.
- These electrons reach the surface of the cathode and unite

4 with two hydropen (positive) tons forming, a molecule.
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It 1s emphasized that, in the electrolyte, the electric cur-
rent flows from the anode to the cathode and 1s deslignated
positlve clectricity. This designatlon of positive electri-
clty 1s due to the positive charge on the ion which is the
carrier of the current in the electrolyte. The direction

of flow of the posltive ions 1s the same as the conventional
current,

On the other hand, the electron flow in the external circuit i
is from the anode to cathode and thls 1s opposite to the '
direction of the conventlional current. The electron flow in i
the external circuilt is designated negative electricity be- ;
cause the electrons have a negative charge. i

3.6.2 Polarity. In a galvanic or concentration cell,
current fIows according to the potential differences of the
cell, The more anodlc metal corrodes; the more cathodic
metal 1s protected. Current flows from cathode to anode in
the metal conductor (opposite to electron flow). Current
flows from anode to cathode in the electrolyte (lonic flow).

In an electrolytic cell, current can be impressed either in
the direction of natural current flow, or in the opposite 4
direction, If the former case occurs, the anode and cath- *
ode remaln the same as for the galvanic cell; however, a 3
greater current sum of the natural and impressed currents 4
is observed. 1In the latter case, if enough current 1is ap- :

plled in the direction opposing the natural flow, the net '
flow will be the reverse of the galvanic flow., In this o

case, the metal which 1s anodic in the galvanic cell be-

comes cathodic, while the galvanic cell's 'cathode becomes

the anode. The polarity of the cell has been reversed,

3.7 POLARIZATION, Polarization, by definition, is a
change in potential of an electrode because of a current
flow., This change 1s such as to decrease the potentlal dif-
ference between anode and cathode and, thus, reduce corros-
ion. As seen 1n PFigure 3-7, for each of the three cases
shown, the open circult potentials of the electrodes

(Bao, Eco) at current I, change through polarization to

some value (Ez, Ec) at lower current It. The potential
difference decreases from the initial value of Etq to Eg,
the polarized potentlal.

3.7.1 Anodic, Cathodlc, Mixed Control. Polarization of
a corrosion ceIf Tssaid ﬁo be "controlled" by whichever
electrode polarizes, 1If both electrodes polarize appreci-
ably, the reaction is said to exhiblt mixed control
(Figure 3-7a). If only one electrode polarizes, or one
polarizes more rapldly, the reaction is under anodic

anode polarizes) or gathodic (cathode polarizes) control.
Pigure 3-Tb and c) '
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3.7.2 Mechanisms of Polarization. There are essentially
three types ol polarization, depending on the mechanism by
which the corrosion reaction is slowed down. These are des-
cribed here.

3.7.2.1 Activation Polarization. A corrosion reaction
retarded by a slow step In tThe reactlon sequence 1s said to
exhiblt activation polarization. A chemical or electrochem-
1cal reactlon is actually a series of Individual steps, any
one of which may control the ovevrall rate of reaction by
belng naturally slow to occur., When this situation arises
at an electrode, the corrosion rate decreases. The forma-~
tion of hydrogen gas from hydrogen atoms at the metal cath-
ode 1s a slow step 1n the overall reaction of hydrogen ions
to hydrogen gas. "In strong acid solutions where this step
is rate controlling, activation polarization is often ob-
served.

3.7.2.2 Concentration Polarization., Concentration
polarization results from concentration changes at the
electrode-electrolyte interface introduced by the electrode
reaction. Sometimes when a metal dissolves, the concentra-
tion of metal ions at the anode becomes so high that no more
will go into solution. This is an example of concentration
polarization. Another example, this due to low concentra-
tions, is often observed in hydrogen evolution at the cath-
ode in weak acid solutions, In a Weak acld, the supply of
hydrogen ions is low and may be rapidly consumed a’ the ca-
thode., With no supply of ions, the reaction slows down,
and the cathode becomes polarized.

3.7.2.3 IR Drop. Resistance polarization or IR Dro
1s perhaps the most common type of pclarization. Here, cor-
rosion 1s retarded by the bulld-up of reactlon products,
solids or films, on the electrode surface. Such a bulldup
results in an IR Drop which interferes with current flow
and, consequently, slows the reaction. The hydrogen film
commonly observed at the cathode surface 18 typical of the
polarization mechanism. In thlis example, when current
flows, deposition of a hydrogen film on the cathode surface
tends to insulate the cathode from the electrolyte and
bullds up a resistance to the current flow. When this sur-
face 1ls completely covered with a hydrogen film which is of
high electrical resistance, the current flow is substantial-
ly reduced and the cell 1s cathodlically polarized, If cor-
rosion 1s to continue, the hydrogen must be removed. If
sufficient oxygen 18 present, the oxygen will combilne with
the hydrogen and thereby remove it. Oxygen 1s, therefore,

a powerful depolarizing agent. The other way for the hydro-
gen tc be removed is for it to bubble off as a gas.

This will happen only if there is sufficlent energy supplied
to overcome the tendency for the gas to adhere to the metal
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(gldrogen overvoltage!. If greater voltages than the hydro-
gen. overvo.tage are applied, gas will be liberated. Resis-
tance polarization in dry batteries can practically stop
current flow because the potentlial developed at the anode 1is
not sufficlent to overcome the high resistance of the hydro-
gen film, 1In this case, a depolarizer must be added to the
electrolyte to remove the hydrogen so as not to impede cor-
rosion because it 1is essential to the operation of a dry
cell., Resistance polarization helps retard the natural cor-
rosion of underground structures which are not cathodically
protected, and helpes reduce the current required to effect
complete cathodic protection.

3.7.3 Cathodic Protection and Polarization. Cathodic
protection 18 covered iIn Section 7. Mention of cathodic
protection is made here to complete the discussion of polar-
ization.

. Cathodic protection is the impression of current on corrod-

ing metal surfaces., An external source, consisting of
"artificial" anodes energized by rectified A.C. or galvanic
voltage, is used. Where current leaves a metal surface,
corrosion occurs, To stop corrosion, external current is
applied in the opposite direction to that causing corroslon.
This current makes surfaces exposed to the electrolyte be-
come cathodic,

The criterion for determining adequate cathodiec protection
of these surfaces was originally Proposed by Mears (refer-
ence 2) who states that complete "cathodic protection con-
sists of polarizing the local cathodes up to the open cir-
cuit potential of the anodic area on the surface".

The open c¢ircult potentials of the anode and cathode are
identified in Figure 3-8 as Egzo and Egg. The open circuit
potential difference, Eto, between the anode and cathode
areas 1s determined by subtracting Ego - Ego.

With the passage of time, and with no electrical, chemical
or mechanical changes in the circuit, Eyq and Egp will ap-
proach the values E; and E; in Figure 3-6. Also, the cor-
rosion current Ig = I, diminishes and stabilizes at a value
corresponding to the stabilized potentlals E; and E¢. At
some polnt, because of depolarizing agents such as 0p, the
current Iy reaches a steady state value as do Eg and Eg.
This then represents the corroding structure.

In order to achieve complete cathodic protection, the local
cathode must have a potential at least equal to Ego.
(dotted 1line, Figure 3-8) The current which accomplishes
this also raises the anode potential to Ego. Hence,

Eg = E; = Egp and no corrosion occurs. Any additional im-

pressed current would continue to raise the anode and
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cathode potentlials, and supply a net current to the struc-
ture surface,

3.8 PASSIVITY.

3.8.1 General. Passivity is a phenomenon exhibited by
metals (such as iron, nickel, or titanium) and alloys
(stainless steels and others} under specific conditions
whereby the anodic reaction rate of these metals 1s reduced.
They become essentially chemically lnert in environments

where, according to the electromotive serles, they should
corrode,

A non-passivating metal exhibits increasing corrosion rate
with increasing solution oxidizing power; a linear curve

. results on a semi-logarithmic graph. A passlvating metal,
however, exhibits the behavior of Figure 3-9. For low po-
tentials, the expected linear increase 1s observed, as with
a non~-passivating metal; this is the area of the curve
labeled "active". However, with a continued increasein
the corrosion potential of the solution (oxidizing power),
a sudden reduction in corrosion rate occurs, With further
increased corrosion potential, no chanﬁe in the rate is ob-
served. The metal has become "passive'. Often this passive
corrosion rate is 10,000 times slower than the active rate.
Then, at some higher oxidizing power, a return to a normal
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linearly increasing rate 1s noted as the metal enters the
"transpassive" region.

In the passive reglon these metals are tmily corrosion re-~
sistant. However, for this resistance to occur, the oxidi-
zing power of the metals' environment must remain in the
definite range of passivity. Above or below this area,
serlous corrosion can occur, ‘

The mechanism of passivity is not fully known. It is
thought to be the result of a surface film formed under
specific conditions which acts as a barrier between the
metal and its surroundings.

3.8.2 Anodic Protection. Anodic protection of active-
passive metals entalls malntaining the passive region by
application of an anodic current. A potentiostat is used
to control the current and thereby maintain constant cor-
rosion potential.

Very low currents are required to reduce the corrosion rate
greatly 1n media that are normally very corrosive, and so
this method of protection has found some applicability.
Further discussion is found in paragraph 5.10.




SECTION 4 - EXAMPLES OF CORROSION

4.1 GENERAL., The definition of corrosion chosen by the
National Association of Corrosion Engilneers: "The deteri-
oration of a materlal, usually a metal, because of a reac-~
tion with its environment" allows a very broad interpreta-
tion of what clrcumstances promote corrosion. Chemical,
electrochemical, and physical changes may be so classified,
depending on the materilals and environments involved. For
metals, circumstances are generally electrochemical, but
this does not mean that metals corrode in only one way. In
reality, corrosion of metal most often involves a varilety of
conditions, many of which alone could result in deteriora-
tion. Examining a real corrosion problem may entail recog-
nition of several sources of corrosive action.

4.2 GALVANIC CORROSION, Galvanic corrosion results from
a galvanic cell, Galvanic cells consist of anodes and cath-
oders of different metals or the same metal under different
conditions in a homogeneous environment. (paragraph 3.5.2,)
These electrodes are connected tcgether metallically and by
an electrolyte, completing a basic corrosion cell,

The galvanlc cell can take on many forms, the most impor-
tant of which are discussed here,

4,2.,1 Dissimilar Metals., When two dissimilar metals are
metallically coupled and placed in an electrolyte, current
flows (in the electrolyte) from one to the other. The metal
from which current is flowing (the anode) will corrode, and
the metal to which current is flowing (the cathode) will be
protected from corrosicn. This type of corrosion is termed

galvanlc and is sometimes referred to as bimetallic corros-
ion.

Examples of galvanic corrosion are shown in Pigures 4-1 and
4-2, In Filgure 4-1, the two dissimilar metals are copper
and steel. The space between them 1is filled with an elec-
trolyte, or current-conducting medium, The external cir-
cult 1s completed through the metallic Junction of steel
and copper, which permits a current to flow from the steel
through the electrolyte to the copper., Where current
leaves the steel, 1t carries charged particles of iron, or
ferrous ions (Fett), into the electrolyte. Steel corrodes
or loses weight as charged partlcles go into solution. If
the external clrcult is opened or a sufficlently high resis-
tance is introduced into the clrcuilt, electric current flow
is stopped or reduced and corrosion is altered accordingly.

In dissimilar metal couplings, the more active metals 1n

the galvanic secrles corrode to protect the more noble
metals. (paragraph 3.4) The galvanic series (Appendix D)
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Copper Fitting
(Co'hodo)

Figure 4-1
GALVANIC CORROSION: DISSIMILAR METALS

shows the relative tendency of metals to corrode when coup-
led in a given electrolyte.

4,2.2 vVarious Conditions in the Same Metal. Galvanic
corrosion I8 not limited to metals easlly recognized as be-
ing dissimilar, such as steel and copper. Substantial gal-
vanic potentials can exlst between surfaces normally consid-
ered to be of the same metal. Examples of such galvanic
cells are:

(1) Steel is anodic to the mill scale found on
hot rolled steel products, such as pipe and steel plling.
2) New steel 1s anodic to old steel.

3) Brightly cut surfaces, such as pipe threads,
are anodic to plain surfaces,
The more highly stressed surfaces, such as
pipe bends, are anodlc to normal surfaces.

(5) Surface imperfections and nonhomogeneities
of metals cause galvanic cells to exilst.

Galvanic cells resulting from dissimilar conditions may be
of minor importance, Generally, however, the results are
important and cannot be ignored, Often a section of new
pipe inserted in an old pipeline will fail from corrosion
within a few years., Malntenance personnel often conclude
that the new plpe 18 not as well made as the old pipe.
Similarly, the corrosion failure at pipe threads is often
blamed on the thinner metal section at the threads, whereas
the actual cause is a galvanic cell, a small area of bright
metal coupled with a 1arge area of metal iIn a less active
state., Figures 4-3, 4.4 and 4-5 1llustrate typilcal galvanic
cells, They do not show all types of galvanic corrosion,
but are a gulde aginst improper use of dissimilar metal
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Figure 4-2
GALVANIC CORROSION OF STEEL
PIPE CONNECTED TO BRONZE VALVE
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Electrolyte
Impurity Corrosion
(Anode) ' _w' ’,..[fCumu»

Grain Metal Grains
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Figure 4-3
GALVANIC CORROSION DUE TO IMPURITIES IN THE METAL

couplings.

4.3 ENVIRONMENTAL DIFFERENCES,

4,3.1 Qeneral. When metal is placed in contact with an
electrolyte whlch changes composition as new constituents
are produced by reaction, corrosion usually occurs. When
metal 18 placed in contact with an electrolyte having dif-
ferent constituents from point to point or different concen-
trations of constituents from point to point. corrosion may
also occur. This is differential environmental corrosion.
Corrosion results from a dllference in compositlon ol CThe
electrolyte in the first two cases and from the difference

in concentration 1n the third case. All three cause corros-
ion of metals.

A metal's potential is unique to the individual environment
in which it is measured. 1In theory, no corrosion cells will
occur in a homogeneous or uniform environment. This is rare-
ly found in practice. As a result, potential gradlents exist
between the portion of metal in one environment and the por-

. tion 1in another, Sometimes these conditlions produce serilous
corrosion,

Many opportunities exist for differential environmental cells
on underground metal structures, such as:

(1) Nonuniform texture or type of soll in contact witu
a structure

(2) Nonuniform moisture conditions in the solls in con-
tact with a structure

(3) Differential aeration in the soils in contact with :
a structure :

(4) Presence of foreign matter in the soils in contact
with the structure, such as metallic obJects
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Figure 4-4

CORROSION OF PIPE THREADS, ANODIC TO
SURROUNDING METAL (HOT WATER LINE)
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? (5) Bacterial action in the solls (paragraph 4.4).

Corrosion cells resulting from differential environmental
conditions may be very large or very small. (Figures L4-6
and 4-7,) Examples of small cells are a lump of clay in
contact with a pipe otherwise surrounded by a sand loam,
and pipe lying within a trench that 1s wetter on the bot-

. tom than on the top. lLarge cells, such as those producing
, long~line current, may occur where a pipeline runs through
a moist area into a dry area or from a low soil resistivity
area into a high soil resistivity area.

One differential environment cell commonly encountered with
underground pipes is the soill-concrete cell, Where pipe
enters a bullding wall underground, part is in soll and
part is in concrete, Failures are often found in the soil-
enclosed pipe immediately adjacent to the wall, where prop-
er insulation, such as a dilelectric wall sleeve, has not
been emploved,

Long steel structures, such as load-bearing piles and sheet
piling driven into the earth, are especially susceptible to
corrosion from differential environmental conditions, When
piles terminate in large concrete caps, are interconnected
to copper grounding systems, or are exposed to a severely
corrosive environment or stray currents, they may corrode : 3
rapidly. Often, when driven into undisturbed soil and not . k- -
encumbered with massive concrete caps or copper grounding, H i
etc., they are no problem,

Romanoff, of the National Bureau of Standards, showed after
extenslive testing of 1solated plles and elements of a large
expanse of bulkhead (reference 3) that no appreciable cor-
rosion occurs in undisturbed soill, but corrosion does occur
moir'e extensively in the water table and fill areas,
Sudrabin agrees that low corrosion rates exist in undis-
turbed soll, and points out that severe corrosion has been
found on upper portions of plles (reference 4)., DeMarco
has reported severe corrosion of H piles 1n rubble fills of
2500 shm-cm resistivity (reference 5).

Qe

Water stratification between salt and fresh water in har-
bors and rivers may also produce an environmental change.
Figure 4-8 shows differential environmental corrosive
action resulting from stratification of sea water and fresh
water, This type of corrosion frequently occurs in rivers,
harbors, and estuaries where stratification of water occurs
all or part of the time,
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SMALL CORROSION CELL DUE TO DISSIMILAR SOIL CONDITIONS
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Iocal differential en-
vironment cells may oc-
cur in corners and at
welds on marine or
other structures, Dif-
ferential environmental
corrosion of this type
can cause a great deal
of damage in sheet plle
construction. If holes
are cut in the sheet
piling for the attach-
ment of tie rods, water
action often causes a
small pocket to be hol-
lowed out immedlately
behind the sheet plling.
If the pocket is filled
with water or a lower
resistivity electrolyte
than the surrounding
earth, a local corrosion
cell with a small anode
area and a large cath-
ode area exists, The
result may be corrosion
of the tie rods, and
this proceeds until the
section 1s so reduced
that the tie rod suffers
a tensile fallure. Thils
conditlion is shown in
Figure 4-9,

4,3,2 Concentration
Cells. Environments
consisting of different
materials are not the
only ones which produce
corrosion. Concentra-
tion varlations also in-
duce potential gradients
on metals, resulting in
concentration cells,

Two common types ol con-
centration cells contri-
bute to local corrosion.
These are lon concentra-
tion cells or © en
concentration !§¥%Ter-
entlal aeration) cells.
The former refer to 4if-
ferent concentrations of
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metallic ions 1n various parts of a solution, whereas the
latter refer to variations in oxygen content at different
aread In contact with metal. Where a larpe objeetl, such
as a pipeline, passes through different soil environments,
major corrosion cells extending over several miles may be
established resulting in long-line currents on the struc-
ture. Several amperes of current may flow in the metal of
a plipeline as a result of such conditions, Corrosion oc-
curs where current leaves the pipe surface.

Ty s A emm

Pipelines or underground tanks placed in trenches and back-
filled are subject to oxygen concentration cells.,
(Figure 4-10.) Oxygen is used up at areas of high concen-
trotion according to the oxidation reaction:

0o + HoO + 2e™ = 208~

Since oxidation occurs at cathodes, areas of high oxygen
concentration become cathodlc to areas of low oxygen con-
centration, ILess oxygen 1s found at bottom surfaces of
tanks or pipes, so accelerated corrosion occurs there.

Small corrosion cells may result from differential aeration
on pumps or sludge digesters under rust tubercles (Figure
4-11). Similar problems occur in steam condensate lines
and hot water lines§, resulting in damage to the structures
as shown on Figures 4-12 and 4-13, Differential cells also
occur in connection with certain forms of marine growth and
sometimes at a water-soll interface as the result of scour-
ing action, Harbor contamination may result in differential
environments, elther in the water or between the water and
s1lt on the bottom. Contamination may also promote bacter-
ial action, thereby intensifying differential environmental
conditions resulting in increased corrosion attack, even in
very deep water.

Corrosion on sheet piling in sea water, where the water
level changes due to tide or wave action, 1s often due to
differentlal aeration cells. Figure u-l&, a corrosion pro-
file for sheet piling in sea water, shows two major zones of
attack, one at the high-tide elevation and another below the
low-tide elevation. The first zZone is due primarily to at-
mospheric corrosion. The second zone of attack occurs be-
cause of differential aeration. The corrosion cell is
formed by the cathodic (aerated} area between low and high
tides and the anodic (unaerated) area in the continuously
submerged zone, The corrosion proflle illustrated in

Figure 4-14 1s for a specific plling. The profile may
differ grea“ly, depending upon conditions at a given loca-
tion, Sometimes additlonal corrosion cells are concentra-
ted Jjust below low-tide elevation and in the earth region.
In the flrst case, corrosion occurs when surface water 1is
highly aerated and the differentlal aeration cell here is
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Filgure 4-11
RUST TUBERCLE ON TANK WALL

accentuated. Examples of corrosion just below low-tide
elevation are found on pilling in areas subject to moderate
wave action,

4,3.3 Crevice Corrosion. Crevice corrosion is another
problem resulting from differential environment conditions,
Due to reaction, the chemical composition of a solution in
a crevice changes., Corroslion results. Crevice corrosion
can be mitigated by elther enlarging the crevice to allow
the solutlion therein to remain in balance with the mass of
solution, or by filling in the crevice with some non-corros-
ive. This type of corrosion may be found in crevices built
into a structure, or where some object has been placed or
dropped on a surface and a small film of solution exists be-
neath 1t.

4,3.4 "Cathodic Corrosion". Another source of corrosion
caused by envlironmental change is cathodic reaction prod-
ucts., Corrosion from cathodic products is often termed
ecathodic corrosion”. 1In lead-sheathed cables, a potential
exceeding -1.20 volt to a copper-copper sulfate reference
electrode, particularly in a highly alkaline environment,
will cause alkaline products to form at the cathode., These
alkaline products are corrosive to lead. This same effect
occurs whether lead cables are purposely placed under cath-
odlc protection or bonded into a cathodic protection system
and the cable held 1n excess of -1.20 volt. Aluminum alsc
willl be corroded under similar conditions and should be
maintained at a potential of less than -1.20 volts to a
copper~copper sulfate half-cell. Consequently, correctiion
of stray current conditions by bonding and cathodic protec-
tion systems must be carefully adjusted where lead and alum-~
inum are invoived. In additlion, these metals should not be
placed in alkaline environments, where similar problems will
arise such as aluminum in concrete.
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Figure 4-12
RUST TUBERCLES INSIDE STEAM CONDENSATE LINE
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Figure 4-13

' CARBON DIOXIDE CHANNELING
i STEAM CONDENSATE LINE
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Thls corroslon 2an be controlled as long as the protective
current is held constant, I{ protective current 1s re-
duced or interrupted, alkaline products attack the metal }
(lead and aluminum). Tt is advisable to keep cathodlc pro-
tection current continuous to avold corrnsion by cathodic
products.

Examples of differentlal environmental cells are shown in
Figures 4-15 through 4-18, Note that variations in mois-
ture content, availliabll.ty of oxygen, change in soil resis-
tivity, or variations of all three sometimes occur. As in
all corrosion phenomena, environmental changes or varia-
tions are a contributing factor.

4.4 BACTERIOLOGICAL CORROSION, It has been known for

several years that one phase of corrosion 1s due to anaero-

bic soill bacteria., Corrosion takes place as a result or

sulfate-reducing bacteria. This is not found in all soils,

Some plpe coatlings are thought to serve as food for bacter- ;
ia. 2

The mechanisms by which microbiological corrosion takes
place are obscure in many cases., The general effect, how-
ever, 1s to create a change or difference in local condi-
tions. Organlsms can contribute to corrosion by any or all
of the following:

Creating differential electrolyte concentration cells
on the metal surface

Creating a corrosive environment as a result of their
1ife cycle and products of decomposition

Acting as either anodlc or cathodic depolarizers.

4.4.1 Forms of Microorganisms. In almost any soil or
water, there are many varleties of microorganisms. Both
aerobic (oxygen using) and anaeroblc (nonoxygen using) can
exist in a glven environment 1in varying quantities, depend-
ing on conditlons of nutrition, temperature, moisture, sea-
son, and simillar factors. Aerobic bacteria wlll naturally
occur in quantity where oxygen 1s readily avallable; anaer-
oblc bacteria occur most plentifully where oxygen 1s not
readlly avallable, Both varietiles, however, may exist side
by side in a given environment, and members of both groups
can cause corrosive conditlions. The anaerobic sulfate-
reducing bacteria, Sporovibris desulfuricans, are gener-
ally believed to be the most responsible for corrosion of
ferrous materlals. Such bacteria are exceedingly prevalent
and cause extensive damage. The mechanisms by which bac-
terla promote corrosion have been studied both in the field
and 1n the laboratory. A number of reactions that take
place under environmental conditions favorable to anaero-
bic bacterial corrosion have been defined as a rcsult of
such investigative work.
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Figure 4-16

SOIL CONCRETE CELL
RADIANT HEAT PIPE
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SOIL CCONCRETE CELL - PIPE BOTT™ IN
SOIL ANODIC TO REMAINDER IN CONCAIETE
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Figure 4-18

OXYGEN CONCENTRATION CELL
INSIDE BRASS WATER LINE

€9




4,4,2 PFavorable Environments. Corrosion caused by anaer-
obic bacterla occurs in soll and both fresh and salt water.
The necessary conditions are the lack of oxygen and the pre-
sence of sulfates. Such states occur in bogs; water-logged
solls, such as heavy clays and swamps; contaminated waters;
and stagnant low-oxygen-content fresh waters. Water contain-
ing waste from paper-making operaticns is especially rich in
sulfate-reducing bacteria. Anaeroblc bacteria are a chronic
source of trouble in paper manufacturing. Because corrosion
usually takes place 1n the presence of oxygen, it is impor-

- tant to realize that corrosion caused by anaerobic bacteria

takes place where there 1s a deficiency of oxygen. Corros-
ion can occur both on the inside and on the outside of pip-
ing and tanks where there i1s a deficiency of oxygen.

Piping and tanks contalning water that is deficlent in oxy-
gen may suffer from corrosion caused by anaerobic bacteria.
A common example is a water tower that 1s used for stand-by
fire-fighting purposes. Because the water must be available
at all times, 1t is allowed to become stagnant, Bacterial
growth, accompanied by oxygen deficiencies in the water, may
result in corrosion.

4.,4,3 Corrosion Products. Corrosion products assoclated
with anaeroblc bacterial corrosion are black and consist of
compounds which include ferrous sulfide in the case or iron
or steel, They are easily recognized when examined immedi-
ately after excavation - a gray "frost”" covers the black
"paste”". When the paste is washed from steel with water,
shiny briﬁht metal appears under it. Corrosion attack is a
"slabbing" (tree bark appearance), rather than pitting.

k.5 SELECTIVE DISSOLUTION. '"Selective dissolution" re-
fers to the removal, by corroslon, of one of the materials
that make up an alloy. Dissolved material is always anodic
to the remainder,

Selectlive dissolution is characterized by increased brii . fle-
ness, extreme lowering of tensile strength, porosity, and

in many cases a color change. At times, no visible loss I
metal 1s evident such as cracks or pits in the metal surface.
Often the surface roughens somewhat, Sometimes referred to
as selective leaching or dealloyling, this type of corrosicn
also 18 named according to the alloy involved. "De-zineci.i-
cation" of brass (removal of zine) and "graphitization" of
cast iron (removal of iron, leaving graphite) are among the
most commonly observed examples of selective dissolution.

Dezincification of brass occurs in water which is high in
carbon dioxide content, l1.e. soft water, Here corrosion is
increased by chlorides in the water, stagnation and high
water temperature. Dezincification appears as a color

change, distinctly reddish. Often, "plug type"
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dezincification occurs. A localized area 1s attacked, leav-
ing a plug of porous copper in the metal wall,

Cast and Quctile 1iron often exhlbit selective dissolution
known as graphitization in salt water, acid soll and solu-
tions, or 1n areas high in sulfate content.

Cast and ductile iron differ from steel in that they consist
of flakes or nodules of graphite (carbon) in an iron matrix.
Corrosion of these metals causes a loss of the ferritlc ccn-
stituent, thus leaving the graphite and products of corros-
ion. This phenomenon, graphitization, affects cast and duc-
tile iron about the same, G@Graphitized pipe often retains
the appearance of sound pipe, leading observers to believe
that the structure has remained corrosion free for many
years, However, it responds with a dull sound when struck
with a metal object and can easily be "dug into" with a
screw driver, It lacks the strength of the original iron,
If not subJected to external or internal stress, graphitized
pipe will often give long, leak-free service.

Three types of graphitization are surface, plug, and com-
plete. Surface-type graphitization results in the formation
of a graphite film on the pipe. Corrosion then virtually
ceases and iron beneath the film remains intact. This is
expected in uniform, high resistivity soils. Romanoff
(reference 6) has shown that, in well-drained soils of res-
istivity above 5,000 ohm-cm, corrosion of cast iron proceeds
at a rapid rate for 3-5 years and then slows to an insigni-
ficant rate. Surface-type graphitization may well account
for this phenomenon.

Plug-type graphlitization leads to the development of plugs
of graphite in the pipe wall. Plugs occur at anodic pipe
areas, often caused by heterogeneous backfills. For exam-
ple: clods of clay may become mixed with sand. Fallures
occur when plugs blow out from increased water pressure,
water hammer, or when an external stress causes the pipe to
break at areas weakened by them. A failure is usually
ﬁhg;agterized by a large hole in the pipe wall. (Figur-

The ultimate in cast-1ron corrosion 1s complete graphitiza-
tion. Here, all the iron constituents have been lost ari
only a graphite shell remains. Such pipe may give leak-
free service provided it 18 not subjJected to stresses,
Stresses are often created, however, by heavy vehicles,
nonflexible pive Jjoints, soil conditions, watter hammer,
and beam action, As the graphite shell retains little
strength, it cracks, often circumferentially. As pipe
appears sound, such failures are not often recognized as
corrosion but are usually referred to merely as "main
breaks".
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"BLOW-OUTS" OF GRAPHITIZED CAST IRON LINE
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k.6 EXPOLIATION, Exfoliation is a phenomenon in which
entire layers of the metal are corroded away, beneath the
surface, Resulting corrosion products are expansive and
force the gralins apart, giving the corroded metal a lamin-
ated appearance. Blistering and lamellar separation are
often observed. In extreme cases the edge of a corroded

sample may resemble a warped and broken deck of playing
cards.

wenerally instigated by cold work, exfoliatlon has been
Ssuccessfully prevented by heat treatment and alloying.
Aluminum and aluminum alloys are most often associated with
this deterioration.

4.7 CAVITATION., Cavitation is a form of erosion corros-
lon which occurs when 1iquid in contact with a metal sur-
face 18 subjJected to rapildly changing pressure. Water
under high velocity causes turbulence. This turbulence re-
duces pressure on the liquid in local areas. When pressur:
1s reduced rapidly at a local area, boiling occurs, forming
small cavities of vapor. The return of pressure to normal
causes an implosion as cavities collapse, resulting in high-
speed l1liquid impact on the metal surface. The metal surface
work-hardens, roughens, and cracks by fatigue, causing a
deep, spongy pitting. .

In metals normally protected from corrosion by a surface
film, the implosion breaks the film resulting in damuge to
the metal surface. Cavitation in domestlic copper hot water
lines 1is frequently observed. The use of rore resistant
alloys or design criterla which minimize areas of turbulence
will improve metal performance,

Cathodlc protection has also proved successful to reduce
cavitation damage for many materials and corrosives. In
pavrticular, galvanic anodes have been attached to ship hulls
in the reglon of expected damage from propellers., These
suczessfully prevent hull deterloration from cavitatior,

Cavitation of a pumﬁ impeller after operation in sea water
is shown in Figure 4-20,

4.8 IMPINGEMENT, Cavitation is often accompanied by
another form of erosion corrosion - impingement., Fast-mov-
ing 11iquids with entrained solids or gases often resulu A
this form of corrosion. Abrasion due to 1'apidly moving 1liq-
uld and entrained particles wears away the metal's protec-
tive surface film. Repetitive destruction of this film
gives rise to a pattern of localized, smooth-bottomed pits.
These pits are characterized by undercutting metal in the
direction of flow and a lack of corrosion products (Figure
4-21). It is generally thought that impingement damage 1is
not appreciable below a threshold velocity characteristic

of the metal, the temperature, and the specific fluid in
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Figure 4-20

CAVITATION CORROSION OF PUMP IMPELLER
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IMPINGEMENT OF COPPLER WATERLINES
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h.9 FRETTING CORROSION, The mechanism of fretting cor-
rosion, which occurs on closely fitted metal parts under
load and vibration, is not well known. A common example

1s a ball-bearing race pressed on a shaft, When fretting
corrosion takes place, the contacting surfaces become pitted
in areas. Even forced and shrunk fits are subJect to this
type of corrosion. The damage to steel 1s evident from a
deposit, usually red in color, that forms at the lnterface,
resulting from the pitting of the metal. Such damage cre-
ates uncertainty in the operation of machinery because it

destroys close tolerance and increases the possibility of
failure.

Two theories have been advanced to explain the rate of cor-
rosion in fretting. The first theory suggests that heat
from friction between the rubbing surfaces results in weld-
ing and subsequent fracture and crumbling of adjacent sur-
faces, These particleas corrode in the existing environment,
and the process continues on the roughened surface.

The second theory proposes that reiative motion of the sur-
faces wears away the protective film, resulting in corrosion.

Fretting 1is observed in almost all alloys, under the proper
conditions. This form of corrosion can be prevented by sev-
eral means, Iubrication between the surfaces can eliminate
the problem. Roughening the surfaces or increasing the load
to prevent slip will often help, as will greatly increasin
the relative movement at the interface. The use of harder
materials may also mitigate frettlng corrosion.

4,10 STRESS CORROSION CRACKING, Stress corrosion cracking
18 the result of tensile stress, applied or residual, com-
bined with a corrosion enviromment., It 1s a common cause of
failure in many alloys, and was initlally observed as
"season cracking" of brass cartridge casings and "caustic
embrittlement" of riveted steam boilers. Stainless steel is
especially su.ceptible, and even exotic metals often fall
prey to stress corrosion under specific conditions.

It 1s generally thought that the tensile strength needed tc
produce stress corrosion must be above the metal's yield
strength, although conditions vary somewhat depending on the
environment. The streas can be residual stress, as caused
by cold-working or cold-forming, or it may result from weld-
ing or applied loads. Tenslle-stress components are requir-
ed for cracking.

Only mildly corrosive environments are necessary to produce
stress corrosion, Without the stress, these environments
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might normally not cause much corrosion damage. It 1s the
combination of tensile stress and corrosive environment
which results in failure by cracking.

Stress corrosion cracks may be. .elther intergranular or
transgranular., (Figures 4-22 and 4-23.) In either case,
there 1s 1little actual weight loss; fallure occurs by crack-
ing.

Austenitic stainless steels are especially subject to this
type of corrosion, usuwally in environments contalning chlor-
ides. The chlorides concentrate in crevices in the struc-
ture and result in costly fallures. By lowering chloride
content of the environment or by eliminating crevices in the

system design, some rellef from stress corrosion cracking in
these materials has been achleved.

Another form of stress cracking 1s caused by hydrogen. Hy-
drogen in the atomlc state can permeate the lattice of many
metals, resulting in loss of ductility (hydrogen embrittle-
ment). If sufficiently high tensile stress 1s also present,
failure by hydrogen cracking may occur., This type fallure
is similar 1In appearance to stress corrosion cracking. It
is generally transgranular, but may follow an intergranular
path. Atomic hydrogen can be produced on a metal surface
by a corrosion reaction, or by cathodic protection. Some of
the hydrogen atoms combine to form molecular hydrogen and
evolve a8 a gas., Other atoms are absorbed into the metal
where they congregate at volds or other lattlce defects.

The pressure resulting from this can cause eracking in
stressed conditions or blistering of the metal surface.
Prevention of hydrogen embrittlement and cracking is accom-
plished by eliminating the source of hydrogen or choosing

less susceptlible materials. This condiftion 1s common in
steels.

4,11 CORROSION FATIGUE, Fatigue failure of a metal due
to repeated cyclic stresses below the tensile strength is
observed in non-corrosive environments. The presence of a
corrosive environment greatly decreases, often by as much
as one-half, the stress required for failure, The acceler-
ated cracking fallure 18 "corrosion fatigue", related to
stress corrosion cracking. (Figure 4-24.)

4,12 HIGH TEMPERATURE CORROSION, Oxidation is the most
common high temperature corrosion reaction. Oxidation, like
most reactions, increases in rate with temperature, but
whether this increase helps or hurts a metal's corrosion re-
sistance dependg on the specific case. Often, high tempera-
ture corroslion results in production of thick continuous
scale which covers the metal surface and acts as a barrier
to further corrosion., Sometimes, however, this scale is not
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Figure 4-23
TRANSGRANULAR STRESS CORROSION CRACK
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continuous, but full of blisters. The oxide layers spall or
crack, and further corroslon occurs.

Sulfides, nitrides and carbides also form more rapidly at
high temperatures. Serious corrosion problems can arise if
concentrations of offending compounds in the environment are
not kept low, Often alloying changes can reduce the effects
of high temperature corrosion appreciably.

4,13 STRAY CURRENT CORROSION.

4,13.1 General. Stray current corrosion is the result of
current (usually man-made) flow through paths other than the
intended circuit. While direct current (DC) is generally
thought of as the source of thls type of corrosion, alterna-
ting current (AC) has also been assoclated with 1t. Stray
current corrosion is electrochemical, as is galvanic corros-
ion. It occurs where current leaves metal surfaces. This
is usually on external surfaces of buried or submerged pipes
or cables, However, internal pipe surfaces, in contact with
low-resistant fluids mechanically coupled, have alsc been a
problem. Current always takes the path of least resistance
back to 1ts source, and metals, being very conductive, are
an attractive path, Stray currents will flow from their
source through an electrolyte to a metal structure, move
along the metal, and return to the source through the elec-
trolyte, Metal will be a cathode where current is picked
up, and an anode where it 1s discharged. Thus corrosion
will proceed. (Figure 4-25.)

As with other types of corrosion, stray current can result
in severe metal losses, Steel, for example, corrodes at the
rate of 20.1 pounds per year for each ampere of current flow,
Lead loses T4.5 pounds per ampere-year.

Stray current corrosion does not generally look different
than ordinary soll corrosion. Electrical measurements are
needed to detect 1t. Stray current can be detected by mea-
suring structure-to-soil pctentials and current flow (IR
drop). Structure-to-soil potentials will give indications
only when measured in an area of current discharge or pick
up. Current flow (IR drop) readings will indicate in be-
tween the plck up and dilscharge areas where structure-to-
soil potential would show nothing (paragrarh 6.1.2.2.c).
Recording instruments and special techniques are required.

4,13.2 Stray Direct Current Corrosion. The many sources
of direct stray current can be divided iInto two general
categorlies: fluctuating or steady. Stray current charac-
teristics (fluctuating or steady) can be observed from
charts of recording instruments.
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Figure 4-25
STRAY CURRENT CORROSION OF
UNDERGROUND CAST IRON PIPE
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hots.20t Wluctuatling Dircet Current. TFluctuating
stray current 15 Teakage [rom equipment which does not oper-
ate continuously or at constant output, Among the most _
prominent sources are: direct current power systems, elec-
tric railways, rallway signal systems, direct current in-
dustrial generators, direct current mine equipment, eleva-
tor motors, direct current welding equipment, electronic
equipment that allows direct current components to escape,
electric furnaces, electroplating equipment, grounded neu-
tral direct current electrical systems, and "magnetic
storms" producing telluric currents.,

One frequent cause of fluctuating stray current corrosion is
the lmproper grounding of welding generators used in repair
work. The lmproper and proger grounding of a welding gen-
erator are shown in Figure 4-26, When a direct current gen-
erator is improperly grounded, corrosion damage can be
caused to the underground or underwater metallic ‘structures
in the area.

Mass transit systems (subways, surface traction cars, etc.)
operate on D.C. with rails returning current. All operating
and proposed transit systems let some leakage current get in-
to the ground. (Figure 4-27.) This is because they use run-
ning rails for returning current to substations. Fourth
ralls or overhead catenaries have been ruled out as too cost-
ly. However, transit system desligners now realize that prob-
lems develop and are designing to minimize leakage. All
welded and sometimes heavier rails are being laid on high-
denslty concrete ties with rubber padding under the rail,
Substations will be spaced approximately one mile apart for .
the modern subway as compared to a three to five mlle spac-
ing for the old surface trolley systems. (Stray current is
reduced six times by changing substation spacing from four
miles to one mile.) Track cross bonds, for reduction of
rall circult resistance, are normally installed at 2,000!
intervals in subway systems.

Stray current from transit systems varies with designs,
maintenance procedures, soil conditions, and configuration
of adjacent utility structures. One o0ld surface streetcar
system is known to permit 10% to 20% of its substation load
to return over the cilty gas distribution system. 014 subway
systems will lose only 5% to 10% of this amount, while the
new ones are expected to leak only 1% to 5%. Substation
current capacity 1s usually around 3,000 amperes for subways
and about 1,000 amperes for streetcars,

Underground mining operations produce stray currents in this
same way. Mine systems, however, often produce more stray
current problems than transit systems. Frequently they are
poorly-maintained and constructed or are only temporary op-
erations, Use of inferior materials, lack of bonding, and
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Figure 4-26 ‘
‘CORRECT AND INCORRECT GROUNDING OF WELDING GENERATOR

poor upkeep can result in current leakage greater than 50%.
More costly methods of construction and corrosion protection
are often not considered because these systems are frequent-
ly moved as new mines open up and old sections are closed
down. Another cause of serious stray current is connecting
mine car ralls to the positive terminal, a practice now 1l1-
legal in many states. This produces stray currents which
cannot be dralned from neighboring buried structures. When
necessgsary, control of mine system currents 1s accomplished
in much the same way as transit systems.

Another fluctuating stray current, not man-made, is tellur-
ic current. These occur during periods of "magnetic storms"
caused by sunspots. Variatlions in the earth's magnetic
field at these times induce voltages on underground struc-
tures, usually pipes or cables, running east and west.
Severe currents of many amperes are possible; however, their
duration is usually qQuite short.

- 4,13,2.2 Steady Direct Current. Steady stray direct
current results from machinery which produces a continuous,
constant level of current. Examples are: battery chargers,
electroplating, and cathodlic protection systems.
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Figure 4-27
'STﬂfY CURRENT CORROSION

Impressed current cathodlc protection is probably the most
common source, because of its prevalence on cross~-country
pipelines, gas and electric distribution systems, and the
increase in total pipeline mileage. Properly designed cath-
odic protection will, however, result in no more than 5% or
10% leakage on adjacent structures. This 1s usually easily
mitigated by cooperatlon between owners.

'4,13.2.3 Effects of Direct Stray Current. Severe, lo-
calized corrosTon can occur where stray direct current leaves
a metal structure (Figure U4-28), whether current ls fluctua-
ting or steady. (See Table 3-2 for metal losses due to cur-
rent flow.) In above-ground constructlon, such as electro-
plating equipment, particularly when high wvoltages are used.
stray current can be an electrical hazard as well as a
source of corrosion. It 1s difficult to achileve adequate
insulation in plating rooms; leakage currents, although a
small percentage of the total current, may cause consider-~
able damage, chiefly because the amperage used in electro-~
plating is extremely high. In additlon to plating equipment,
all the causes previously listed can result 1n corrosion
within buildings. Unfortunately, the resulting corrosion is
not necessarily limited to portions of metal structures that
are underground. Pipes running through moist walls, column
footings, and other structural members may experience
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Figure 4-28

FLANGE AND BOLT CORROSION CAUSED
BY STRAY CURRENT ON CAST IRON PIPE
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localized corrosion where the current leaves the structures.

Stray current can emanate from within a military installa-
tion or from some source external to it. Probably the most
frequent source of stray current in either case 1s impress-
ed current cathodic protection, although direct current
welding systems may be severe,

Control of stray direct current 1s generally most effective-
ly accomplished by drainage bonds (paragraph 5.7). A drain-
age bond 1s located at a convenlient point, not necessarily
at the point of greatest positive structure-to-soll potent-
1al change. The required bond resistance can be calculated
from field measurements, or established by "trial and error".
(paragraph 6.1.2.2.¢.) If the "eritical" point is corrected
by this method to its original potential (reading before
stray current flowed), other test points on the same struc-
ture will automatically be corrected. Some engineers, who
do not like to interconnect pipelines, will install a few
magnesium anodes at the "eritical" point. This will usually
correct only the local area directly opposite the anodes.

Stray direct current problems from cathodic protection
systems can be minimized in the design phase (paragraph
7.3.3). Geometric location of anodes with respect to for-
‘eign structures 1is the most important single factor to con-
sider. 'All companies in an area should cooperate so that
complicated problems do not arise, Coordinating committees
have been formed in major U.S. metropolitan areas to act as
information “clearing houses",

4,13.3 Stray Alternating Corrosion. Corrosion by stray
alternating current 1s a complex phenomenon, not yet fully
‘understood. Stray alternating current produces highly-loca-~
lized corrosion similar to that caused by direct current,
but only a fraction as intense, Stray alternating current
is generally thought to produce about 1% as. much corrosion
as a like amount of direct current. This is the result of
the direct current component of alternating current, which
reacts with metal as does normal direct current.

Under certaln conditions, alternating currents may be recti-.
fied in passing through and off a metal structure producing
a direct current component. In such cases, stray current
corrosion will result. That effect has been found to be-
come less active with time in most reported cases, Damage
from partially rectified alternating currents has been

found in the vicinity of large substations, central power
stations, gas and water distribution systems, and other
places where ound currents can be excessively heavy.
(reference 7.
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Damage to a lead gooseneck 1s shown in Figure 4-29, This
damage ocourred within a month after installation in a heavy
ground-current area. It is belleved to have been caused by
rectified alternating current, Corrosion of aluminum cable
submerged in water when subjected to alternating current has
been confirmed experimentally in the laboratory. An explan-
ation of this type of corrosion is that during one half-
cycle when the aluminum is at negative polarity, sodium hy-
droxide forms next to the aluminum. This dissolves alumi-
num's normally protective film and some of the aluminum.
During the next half-cycle, the current flows from the al-
uminum into the electroiyte, thus removing some of the alum-
inum by electrolysis and partly by re-forming the film. 1In
time, the layer of corrosion products formed maintalns an
alkaline conditlion at the aluminum surface in spite of alter-
nation of polarity. This 1s due to partial rectification of
alternating current.

In the absence of current, aluminum 1s anodlc to copper.
When immersed in salt water, galvanic current flows from al-
uminum through the electrolyte to the copper, resulting in
the corrosion of the aluminum. When alternating current is
impressed between aluminum and copper, the flow of galvanic
current will be neutralized by the larger current resulting
from partial rectification of the alternating current. Cur-
rent flow then 1s from the copper through the electrolyte to
the aluminum, This will result in corrosion of copper to al-
uminum due to partlial rectliflication of the alternating cur-
rent.

Alternating current induced on well-coated underground struc-
tures may also result in stray current corrosion. When over-
head electrical transmission llnes are located above such a

structure, 1t acts as an induction coil to produce alternat-
ing current voltage across the coating. The resultant induc-
ed alternating current is a possible cause of corrosion. In
addition, 1t 1is a safety hazard which should be controlled.

4,14  IDENTIFYING CORROSION AND ITS SOURCES. Determining
structural fallure cause is often a complicated procedure.
Sometimes a fallure appearing to be strictly mechanical is
actually the result of corrosion.

Corrosion takes many forms, depending on the material, its
state, the environment, and the time involved. It may be
very localized, confined to a tiny pinhole, Or it may take
the form of general deterioration of an entire surface.
There may be a welght gain or loss invalved. For under-
ground or submerged structures, visual examination may be
impractical or impossible; electrical measurements are most
often used to locate corroding arcas and determine whether
or not corrosion is being controlled,
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Figure 4-29

CORROSION OF LEAD GOOSENECK
CAUSED BY RECTIFIED ALTERNATING CURRENT
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h,14,1 vVisual Examination.

4,14,1,1 Macroscopic. Visual examination of a corrod-
ed structure can reveal much about the mechanisms and sour-
ces of corrosion. The structures should be checked for gen-
eral appearance, for corrosion products, for pits or cracks
or any specific pattern. Metals do not merely "rot"; they
corrode because of some unfavorable conditions which, if
recognized, may be avolded or overcome to prevent further
failures,

a. General Corrosion. General corrosion, or uni-
form attack, 1s overall deterioration of a structural sur-
face. There 1s no distinct, localized area of attack, but
a gradual, more-or-less evenly distributed destruction.
Although this type of corrosion 1ls probably the most common,
it is also relatively simple to deal with., No catastrophic
fallures are expected, because fallure from uniform attack
is a function of time., It 1is relatively predictable and
can be dealt with by whatever means is most economical:
extra wall thickness, more resistant materials, coatings,
insulation, cathodic protection, or others.

b. Pitting. Pltting is locallzed attack which pro-
duces cavities in the metal surface. These cavities begin
at the surface and sometimes fill up with corrosion product,
forming mounds. These mounds or "tubercles" (Figure 4-30)
can be removed chemically or physlcally to reveal deep pit-
ting underneath. The plts themselves are generally roughly
hemispherical or conical in shape. Sometimes they are
angled from the perpendicular; often, they are not.

This attack 1s especlally dangerous because perforation can
result even though little corrosion has occurred overall.
(Pigure 4-31) Perforation can be an expensive problem, re-
sulting in leakage and equipment failure,

Pitting goes through four stages orn a metal surface:

(1) initiation, (2) propagation, (3) termination, and (4)
re-initiation, Pltting usually initiates on a metal surface
covered with a thin, adherent film., Pits develop at breaks
or weak points in the fllm, these points belng naturally
anodic to the remaining surface (Figure 4-32),

The pit propagates at a rapid rate, due to alterations in

the environment. As a result of corrosion, the region sur-
rounding the anode (pit) area becomes more acidic while that
surrounding the cathode becomes alkaline. Because of the
"area effect" (large cathode and small anode), the penetra-—
tion rate 1s quite high. However, this decreases with time,
as more pits form and the relative areas become more similar.
Pitting terminates for many reasons: filling up the cavity
with corrosion product, drying out of the surface, changes
in the environment, etc. Re-initiatlon occurs as the result

cf similar, but opposite changes’
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Figure 4-30

TUBERCLES ON INTERIOR OF HOT WATER TANK




Figure 4-31
; PITTING FAILURE OF 8-INCH FIRE MAIN
‘ (CHALK-MARKED PITS LOCATED ON PIPE BOTTOM)
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Figure 4-32
PITTING CORROSION

Stray current alsc can produce pitting. 'n fact, wherever
a current leaves a metal surface, pits may appear. Galvan-
ic cells of all sorts fall into this category, and stray
current corrosion cannct normally be identified as such
visually.

Impingement of entralned solids or gases in a moving iiquid
stream can damage a metal's protective film and produce
deep, angled pitting. Cavitation can do likewise, as the
shock of implosion breaks up the film,

Pitting may occur in crevices or stagnant areas where con-
centration gradients exlst in the environment (Figure 4-33).
It 1s frequently observed 1n stainless steel, copper, alum-
inum, magnesium and titanium as a result of their surface
films. Pitting of other metals occurs under circumstances
discussed above. Treatment of this problem may require
changing to a less susceptlble metal or altering the speci-
flc conditions depending on the souices.

¢, Cracking. Cracklng of metal due to corrosion
generally falls Into one of two categories: stress corros-
ion and intergranular corrosion. Stress corrosion, discus-
sed previously (Figures 4-22 and 4=23), is the result of
combined tensile stresses and corrosive surroundings to a
susceptible alloy. It 1s generally thought that pure metals
are not subjJect to this type of destruction., Cracks form
elther inter- or trans-granularly, and may fluctuate from
path to path, Aluminum alloys, brasses, and low-carbon
steels generally exhibit intergranular stress corrosion or
cracking. Other metals, especiilly the 300 series staln-
less steels, crack transgranularly.

Intergranular corrosion 1s selective attrck roli. wing a path
along the graln boundarles of the metai. TIndividual or
groups of outer layer grains may drop out of the structure;
tenslle strength decreases, and surface cracking 1s apparent.,
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Figure 4-33
PITTING OF PIPE AND METAL SUPPORT BY FATTY ACIDS
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The mechanism of this attack 1s galvanic; a potential dif-
ference develops between the grain and its boundary. The
difference may be one of cher ical composition caused by
cold work or heat treatment of the metal. Grains are
always under slightly different stresses than their bound-
aries, Therefore, cold working or heat treating metal can
result in migration of an alloying element or impurity from

. the grailns to grain boundaries. Precipitation there may re-
sult, producing a potentlial difference between ilhe two
regions., If precipitate is anodic to the renajinder of the

. grain, intergranular corrosion will proceed along the path
of the impurity. If the preclpitate is cathodic, cracking
occurs in the region immediately adjacent to the boundary.
Intergranular corrosion is most often observed in the 18-8
stainless steels, in aluminum, and copper alloys.
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Once cracking 1s observed by visual examination, the micro-
structure should be analyzed to determine the type of crack-
ing that has occurred. (Figure 4-34,)

d. Corrosion Reaction Products. A visual examina-
tion of the products of corrosion reactions can often be
helpful in determining the cause. Different products may
result from different sources; a lack of product also re-
veals much about the mechanlism of deterioration. The
spatlal distribution of a corrosion product may indicate
the source of the problem, as in the case of knifeline at-
tack of a weld. However, flnal analysis of corrosion prod-
ucts usually must depend on more sophisticated means of
analysls, such as X-ray diffraction.

Visual examination of ferrous metal under cathodic protec-
tion can often reveal if adequate protection has been
achleved. Without protection, ferrous metals foim the red-
dish corrosion product ferric oxide (rust). Cathodic pro-
tection current chemically changes this compound to black
ferrous oxide (magnetite). This color change 1s often
apparent,

4,14,1,2 Microscopic. Microscaopic analysis cf a cor-

rosion fallure can add much to the picture formed by visu2l

. examination. Metallographic analysis is probably the most
helpful laboratory technique for determining the cause of
fallure. The path of cracking, whether intergranular orvr
transgranular, may be revealed. Impurities on the metal
surface can be located, and improper heat treating or ex-
cessive cold working can be discovered, other defeccte 1o
the microstructure which may have influenced corrosive

tent, to help find the cause of actual falluve::,

P tendencies can be analyzed.
E Electron microscopy and X-ray diffraction may be employed
; to determine the composition of reaction products. Other
j sophisticated techniques are used also, but ¢ 1 Jesser ex-
s
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Figure 4-34

TRANSGRANULAR BRANCHING CRACK
ORIGINATING FROM TUBE ID
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4,14.2 Ioss of Metal., Ccrrosion is usually accompanied
by a net galn or loss of weight, as metal is deteriorated
and perhaps replaced by corrosion products., When analyzing
a corrosion fallure, the products of reactlon are removed,
and the welght loss 1s measured as an indication of corros-
ion rate.

Loss of metal is usually measured one of two ways. Either
the welght loss per unilt area per unit time is determined;
or the loss of metal thickness (depth penetration) per unit
time is found. The former 1s commonly taken in units of
mdd (milligrams per square decimeter per day); the latter,
in mpy (mils per year). It is debatable as to which method
of recording metal loss 1s more appropriate., The former
applies well in situations where uniform attack prevalls.
The latter is much more applicable in measuring localized
corrosion, i.e, pitting.

4,14,3 Statistical Analysis. Statistics on failure
rates of any structures can determine whether corrosion or
physical damage 1is responsible. Once’ corrorion reaches the
point where faillures occur, rate of faillures ilncreases each
year. Experlence has shown that corroesion fallures lncrease
logarithmically (references 8 and 9). . Failures due to
causes other than corrosion will not usually exhibit this
curve but, generally, follow a straight line curve {Figure
4-35). Here, each fallure has been examined and logged as
due to corrosion or noncorrosive causes. Corrosion breaks
continue to increase, while breaks due to noncorrosive
causes remain almost constant. An increase in the rate of
noncorrosive breaks occurred in 1961. The curve before
and after 1961, however, is still linear. The overwhelm-
ing - influences of corrosive fallures cause  the total leak
curve (fallures due to corrosive and noncorrosive causes)
to assume the logarithmic slope.

Statistlcal analyses can be especlally useful in corrosion
of cast iron pipes, where corrosion failures are generally
the result of graphitization (paragraph 4.5). Here, escap-
ing water may wash away the graphite leaving no evidence
that corrosion caused the break. A record of breaks exhib-
iting the characteristic logarithmic shape will reveal cor-
rosion as the true cause. S

4,14.4 Electrical Measurements. Electrical measure-
ments are employed to predict a potentially corrosive situ-
ation, and have actually located failures underground.
Corrosion surveys, to determine environmental (soil or
water) pH and resistivities for proposed structures can
help indicate what materials should be used and whether
corrosion control such as coatings and cathodic protection
will be needed, When a new metal - environment combination
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15, expected for which no corrosion behavior data 1s avall-
able, laboratory electrical tests can be helpful. Where
uniform attack is expected, a sample of a metal in the form
of a wire is immersed in the corrosive environment., As it
corrodes, 1ts cross-sectionai area decreases., Since elec-
trical resistance in a wire is an inverse function of cross-
section, a measure of the increasing resistance indicates
the rate of corrosion. This procedure 1s possible in elec-
trolytes other than liquids and 1s relatively simple., Frob-
lems arise if conductive reaction products form on the test
specimen, affecting the real cross-sectional area.

Field (Job-sit=s) electrical measurements on existing struc-
tures can indlcate where corrosion 1s occurring or expected.
Potential and line current surveys can reveal the extent to
which corrosion has progressed, stray currents;, the loca-
tion of "hot spots", and if electrical continulty exists.

A complete discussion of corrosion survey technlques 1is
found in Section 6.

4.,14,5 Chemical Analyses. As mentioned before, X-ray
diffraction and electron mlicroscopy can be employed to
study the composition and structure of reactlon products.
Other techniques such as X-ray fluorescence, electron-probe
microanalysis and spectrographic analysis may also be con-
sidered. 1In all of these methods, surface contamination of
the metal can greatly interfere with a correct analysis.
Also, variation in product composition from point to point
can adversely affect the study.

Chemical analysis of the corrosive environment can reveal
the source of corrosion., Determination of soll pH and the
presence of sulfates (indicating anaeroblc bacteria) 1is
generally included with corrosion survey measurements -to
give a more complete picture of environmental corrosivity.
Where water is the environment or is carried in pipes, ana-
lyses of water composition - dissolved solids and gases,
hardness as calcium carbonate, and pH - can indicate possi-
ble sources of corrosion.

4,15 SPECIFIC MILITARY PROBLEMS., A military installation,
like a city or industrial complex, commonly experiences cor-
rosion in many forms. PFrey:ently, bases have been built in
a hurry, during times of crisis, with no thought to corros-
ion control. A varlety of metals, interconnected without
insulation or other corrosion control measures, is common

in existing bases (Figure 4-36). Often it is not practical
or economical to protect all structures which are corroding.
Some should be replaced, when fallure occurs, with better
materials and better engineering, to prevent future problems.
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Figure 4-36
VARIOUS METALS AT TYPICAL MILITARY BASE
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Others, where the mlsslon or economles dictate, rcqulrce cor-
rosion control without repair or replacement,

Proposed structures should include corrosion control as part
of thelr design. This avoids additional expenditures and
inconvenience caused by repairs and failures. Military
structures commonly experiencing corrosion problems are ana-
lyzed here. A dic<cussion of corrosion control is included
in paragraph 5. :

4,15.1 Service Lines. Water, gas, and oil lines (usually
buried or submerged), servicing military installations, cor-
rode for many reasons, Often varlous metals are intercon-
nected producing galvanlc corrosion. Other conditions may
corrode metals, usually ferrous or copper, used for chese
applications.

4,15.,1.1 Copper Lines. Copper is often considered rel-
atively inert to corroslon. However, copper service lines
often experience external corrosion in the atmosphere or in
some solls, especlally where they are not interconnected
with ferrous metals. Internal corrosion may occur in domes-
tic copper water lines. In the atmosphere, copper develops
a thin external coating or patina of corrosion products
(mainly copper sulfides) from reaction with sulfur dioxide,
Once formed, this patina generally protects copper from fur-
ther atmospheric corrosion by acting as a barrier.

Underground, copper lines are resistant to corrosion in
most -soils, Exceptions are highly alkaline solls and those
containing organics 1n great amounts, '

Another cause of corrosion in underground service lines, es-
pecially copper, is lawn fertilizer. Nitrates and other
corrosion compounds make fertillzers aggressive to metals.
Underground copper lines to houses are often run fairly
close to the surface, and fertilizers can easily wash down
to the level of these plpes. 1In addition, since copper is
attacked by sulfur compounds, marshes and cinder-bearing
solls are unacceptable environments,

Copper receives cathodic protection from ferrous metals,
when connected to them. When copper 18 not connected to
ferrous metals (if all copper or copper and plastic lines
are used), no protection is received, and copper may cor-
rode. It 1s then often thought that corrosion resulted
from environmental conditions in which copper had not been
tested previously, when actually it occurred because no
ferrous metal was present to provide cathodic protection.

Copper water lines are subject to internal attack under
certain conditions., Obrecht and Quill (reference 10) have
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shown that conditions of water quality, velocity, and tem-
perature can produce eroslon-corrosion in copper and copper
alioy distribution systems. For aggressive waters, temper-
atures above 1lU40°F and velocitlies above 4 feet per second
in copper pilping result in cavitation erosion (paragraph
4-7), deep, spongy pitting of the metal accompanied by ab-
sence of copper corrosion products. For less aggressive
waters, 8 feet per second is the critical velocity. This

iffect is magnified at high turbulence areas such as coup-
ings. ~

When water velocities and temperatures cannot be maintained
under specified limits, modifying water quality can reduce
cavitation. Soft waters are more aggressive than hard
waters, Altering pH with sodlum bicarbonate or sodium hy-
droxide will make soft waters less aggressive by increasing
their scale-forming tendencies. Another possibllity 1is re-
moving dissolved carbon dioxide and oxygen. Other chemical
treatments may be required in specific cases. Overly high
velocitlies and temperatures should be avolded in design.
Expansion of facilitles or addition of high temperature
equipment (industrial dishwashers, laundries) often re-
quires new distribution system designs because of increased
load - temperature and velocity - on existing lines.

h,15,1.,2 Steel. Steel and galvanized steel pipe are
used in gas, oIl and water distribution systems. Corrosion
of these materials occurs in many environments encountered
in military projects. One common situation is the galvanic
cell between steel and other materials such as copper (para-
graph 4,2,1), Severe corrosion of steel adjacent to other
metal often results. Use of proper insulation or other cor-

rosion control cen prevent this, All ferrous metals - steel,

cast iron, etec. - corrode at approximately the same rate,
Steel lines oiten fall more rapidly than cast iron, however,
because thelr walls are thinner, Also, since steel does not
contain free graphite like cast iron, graphitization, where
the metal corrodes leaving a weakened but often still solid
structure, cannot occur. When steel corrodes, the walls
thin or pit. (Figure 4-37.)

Steel lines in solls may often corrode. Differential en-
vironment conditions can produce pitting or general corros-
ion, Oxygen concentration cells may induce severe corros-
ion on bottom surfaces. Organic material - leaves, wood,
etc, - in soil feed sulfate-reducing bacterlia which are
known to cause fallure of ferrous metal-, Cinders and other
impurities will also produce corrosion. Galvanlzed steel
recelves some protection from its zinc coating; however,
these coatings are thin and do not last long undcrground.
Above-ground may provide adequate protection, but nonmetal
coatings and cathodic protection arc often needed under-
ground to insure the life of steel service lines. Steel
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Figure 4-37
PITTING OF STEEL LINE - SOIL CORROSION
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lines in water may also require such corrosion control.

Galvanized steel 1s often used for water service lines, It
serves well below about 140°F. Above this temperature, the
relative potentials of steel and zinc begin to reverse,
Above 170°F, steel corrodes, protecting zinc galvanizing,

Low alloy steels carryilng domestlic soft waters willl corrode
forming pits and tubercles of rust which block the inside
diameter. In semi-hard waters (containing calcium carbon-
ate) and those containing some carbon dioxide, protective
films form restricting or eliminating corrosion. Water
quality may be altered by chemical treatment to produce
these films in many cases. Cathodic protection has also
been applied successfully fcr special applications. Higher
levels of carbon dioxide may be corroslive. Tc¢ determine
proper calcium carbonate levels, the saturation index for
the subjJect water must be determined (water analysis).

Stainless steels are generally resistant to water corrosion,
but will fail when chlorides are present. Sea water will
damage these steels seriously, causing pitting and overall
deterioration.

In general, velocity increases corrosion in steel lines,
Cavitation erosion occurs in steel at various velocitles,
depending on water quality.

4,15.1.3 Cast Iron. Cast iron lines form internal
pits and tubercles to about the same extent as low alloy
steels in water service. Water treatment is usually the
solution with these materlals, also, External corrosion in
solls and waters, however, occurs under less severe condi-
tions, although the corrosion rate is the same. In addi-
tion, graphitization of cast iron in gas lines as well as
others can be a serious corrosion problem (paragraph 4.5).

Care should be taken to assure electrical continuilty across
Joints, Mechanlcal and rubber slip joints do not provide
this, The best Joint bond consists of a length of No, 2 or
4 insulated copper cable thermit-welded across the joint.
(paragraph 5.7.3 Joint bonds are required when cathodic
protection 1s installed, but they are a good 1dea otherwise,
also. 1If bonds are applied when the pipe is installed, thec
cost of future cathodic protection is greatly reduced
(excavations, etc. required for bonding). Additionally, in
stray current areas, bonding prevents these currents from

going around each Joint, producing corrosion wherever cur-
rent leaves the metal.

4.,15.2 POL Facilities and Hydrant Refuelinf S¥stem.
POL facilitlies are among the mos mportan ary struc-

tures because their continuous operation is neceasary to
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performance of the misslon., Fuels carried iIn these facili-
ties are highly-flammable and, therefore, leaks present a
safety hazard, For these reasons, corrosion control of POL
facllitles is often necessary even when repalr costs do not
Justify 1t. However, underground structures such as hy-
drant refueling lines are often located beneath concrete,
making repairs difficult, inconvenient, and expensive,

Metals most commonly encountered in POL facilities include
steel, copper, and aluminum, As with service lines, galvan-
ic cells must be avoided. Steel pipe and underground tanks =
usually require coatings and cathodlc protection to protect i
them from soll corrosion, Above-grade tank bottoms resting J
on the ground may still corrode when re¢sting on sand or

olled-sand bases and may require some form of protection.

- A o e o AT 4 4. AR

Copper in service of this type (because of its interconnec-
tion with steel) usually is not much of a problem. General
precautions to consider when using copper are covered in
paragraph 5.3.2.6.

Aluminum alloys are fairly reactive but form a protective
oxide film 1in many environments, Corrosion of aluminum is
discussed in paragraph 5.3.2.5. In POL and other facilities
recelving cathodic protection, care must be taken not to
overprotect aluminum structures, Alkaline reaction products
from excess cathodlic protection may corrode aluminum seri-
ously, as will alkaline soils., Aluminum should not be al-
lowed to contact concrete and should be kept away from lime-
stone fill.

4 4.15.3 Fasteners. There are several likely sources of
4 . corrosion of metal fasteners (bolts, nails, straps and so

3 on). First, galvanic cells can result when fasteners are
made from metals different than the main structure. The
more anodic metal, either fastener or metal structure, will
experience increased corrosion, Since fasteners have small
surface area compared with the remainder of the structure,
the "area effect" (paragraph 3.,2,3.3.a) is important. It

is more desirable from a corrosion standpoint to have a
large anode (structure) and small cathode (fasteners) than
the opposite. Use of fasteners made of metal like the
structure or dielectric insulation are among the ways to
mitigatedthis problem, Coatings and cathodic protection are
also used.

; Fallure of fasteners themselves can result from improper

| heat treatment after fabrication., Internal stresses com-
bined with corrosive environments may produce stress corros-
lon cracking. Also, stressed areas or bright metal, such
as screw threads or nall heads and points, are anodic to

the remainder of the fastener, These areas will experience
increased corrosion because of the galvanic cell arising.
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Proper heat treatment to relleve stress can control these
problems during fabrilcation,

k,15.4 Pipeline Casings. From the corrosion control
standpoint, casings should not be used.. Kuhn and others
(references 11 and 12) show that casings Introduce two major
corrosion problems: o

1. Short circuits developing between casing and
carrier pipe make cathodic protection of enclosed pipe
impractical.

2. In unprotected lines encased in lower quality

metal, short clrcuits set up galvanic cells betwéen casing
and carrier pipe.

The first problem may result because end seals may never
actually seal. Molsture can leak through, and the annular
space between casing and carrier pipe will at least partilal-
ly £111 with ground water. Condensation can be a problem
even 1f a fairly good seal 1s obtained. Unless the carrier
plpe inslde the casing is cathodically protected, serious
corrosion occurs, The casing itself, if insulated from the
carrler pipe, can be utilized to conduct cathodic protection
current to the carriler plpe; but only if it is not well-
coated. If a carrler plpe is shorted to a casing (a commen
situatlion with long spans of pipe), only the external sur-
face of the casing will recelve cathodic protection. The
exterlor of a bare, insulated casing will pick up part of
cathodlc protection current designed for the carrier pipe
and discharge this current through the electrolyte in the
annular space. This wlll provide cathodic protection to the
carrier pipe. A well-coated, insulated casing will have a
significantly hilgher resistance to earth than the relatively
long carrier pipe. Thils coated casing will pick up only a
minute portion of cathodic protection current, insufficient
for cathodic protection of encased carrier pipe. The car-
rier pipe will prevent insulated, coated casing from re-
celving adequate current in the same manner a short-cir-
cuilted, bare casing prevents its coated carrier pipe from
recelving adequate protective current.

Casings can short circult to carrier pipes for such reasons
as vibration, settlement, etc. Then, cathodic protection
of carrier pilpe inside casing is impossible, With a well-
coated casing, the carrier plpe inside the casing will have
no cathodic protection. With bare casing, not only the por-
tion of carrler pipe inside the casing wlll lose cathodic
protection but cathodic protection for large distances on
both sides of the casing will be seriously reduced or ren-
dered ineffective, Cathodlic protection current will not
seek holidays 1n carrier pipe coatling but will flow to the
large, bare, low-resistance casing. Thus, casing 1s effect-
ively a bare portion of plpe.
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The second problem may occur becaus. casing material is
frequently lower quallty steel than carrier pipe. Short
circuits between the two can result in galvanlc cells, in-
creasing corrosion and contributing to eventual leaks.
This accelerates 1f the carrier plpe is coated and arnodiec,
due to the "area effect" (paragraph 3.2.3.3.a).

To avoid these problems, plpeline casings should not be
. used, unless required for safety or mechanical reasons,
If a casing 1s required by codes, a bare casing should be
used, Plastlc spacers, casing insulators, and end seals
. should also be installed, and the entire installation
should be thoroughly tested and lnspected,

4,15.5 Wells., Water wells may corrode for several
reasons, Jtray currents are often encountered. Because of
the length of well casings, gradients exist along its sur-
face. Several soil strata traversed.,) Temperature dif-
ferentlals, differential aeration, and nonhomogeneous soils
are likely to affect the casing. Dellvery plping, turbine,
and strainers may alsc corrode, In uncased wells, galvanlec
or impressed current anodes can be used. Protection of
cased wells is more difficult. As with pipeline casirgs
(paragraph 4,15.4), well casings are impractical or impos-
sible to cathodlcally protect; current travels along the
casing and discharges into the soll. Protection might be
accomplished by using the casing as an anode, corroding it
to protect internal structures. Wells or casing embedded
in concrete are not immune from corrosion, Concrete, llke
other coatings, is not perfect and corrosion will concen-
trate at breaks in the concrete. However, cathodlic¢ protec-
tion current requirements may be less,

4,15,6 Snow Melting Pipe and Radiant Heating. Snow-
melting or radiant heating plpe Is usually steel, embedded
in concrete sidewalk, floor, etc. (However, copper and
wrought iron are often used.) High-temperature water below
the boiling point (212°F) circulates, heating the concrete.

. These systems are often used to melt snow or to heat large
structures such as hangars.

. Internal corrosion problems similar to those encountered
» in other steel hot water systems may occur (paragraph

4,15,1.2). External corrosion due to differential environ-
ments, however, is the most frequent problem. Steel in
concrete, an alkalline environment, 1s cathodic to steel in
80ll. Consequently, corrosion occurs at breaks or expan-
sion Joints in the concrete, or where the pipe 1s not com-
pletely encased in it but comes in contact with soil be-
neath. (Figure 4-38.) 1If the pipes could be completely
encased, corrosion would be minimized. Cathodic protection
can be successfully applied to protect bare pipe at breaks
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Figure 4-38

CORROSION OF RADIANT HEAT PIPE
SOIL - CONCRETE CELL
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or expansion Joints, The practlce of installiny polyethy-
lene sheets beneath ccncrete-encased pipes to prevent con-
tact with soll introduces other problems and should not be
followed. Polyethylene sheet prevents moisture from draln-
ing into the soil, trapping 1t. Corrosion of heating pipe
may result. Cathodlc protection of these lines becomes im-
possible because of the plastic sheet, so corrosion will
continue., A better method of minimizing soll-concrete cells
is the use of non-metal chairs or brackets. These support
the pipes above the soll while concrete is poured and har-
dens, surrounding the lines, Non-metal brackets eliminate
possible galvanlc cells which metal supports could cause,

4,15.7 Caustic Problems. Caustic soda (sodium hydroxide)
and other alkalles are not particularly aggressive at normal
temperatures, in terms of overall attack. Addition of 1 to
L4g caustic to water actually decreases corrosion of steel.
Concentrated caustlic at high temperatures, however, can pro-
duce a serlious form of hydrogen embrittlement - caustic em-
brittlement - In many stressed metals.

Caustic embrittlement is encountered in riveted steam
bollers where sodium bicarbonate has been added to the feed
water as a corrosion inhibitor, It decomposes with heat to
form caustic soda whilch concentrates at the riveted seams
as steam escapes. Concentrations as high as 40% are common
there, often resulting in corrosive failure of the metal.

Type 300 series austenitic stainless steels are especially
susceptible to caustic embrittlement. Brass also fails this
way 1n ammonia. Besldes the cracking typical of caustic =m-
brittlement, serious pltting may also occur. This may occur
in boiler tubes during periodic shutdowns if they are allow-
ed to alr dry, concentrating the caustic.

Nickel and nickel alloys exhibit resistance to caustic attack
and are suitable for use in most conditions. Carbon steel is
often used for boilers below 850°F., With prope: engineering,
to.avold escaping steam, caustic embrittlement problems
should not occur.

4,15.8 Stress Corrosion of Various Structures. Stress
Corrosion 1s discussed In paragraph F.10. Specific military
structures which are susceptible to thils type corrosion are
analyzed here.

4,15.8.1 Fittings. Residual stresses built up in
machining metal TIEE%ngs can institute stress corrosion in
slightly corrosive environments. These stresses remain in
the fitting unless annealed after fabrication. Improper
size fittings forced into place can also develop adequate
stresses. Another source of stress is corrosicn product
bulld-up between surfaces. These produce stresses, because

109




they are more voluminous than the original metal. Corros-
ion products may result from galvanic couples, general cor-
rosion or other, and need not be present in large amounts.

Specific environments in which these tensile stresses pro-
duce stress corrosion cracking depend on the metal involved.
Aluminum in marine or industrial atmospheres, steels in
caustic solutions or chlorides, nickel in hydrofluoric acid
or hot caustlec frequently experience stress corrosion.

4,15.8.2 Stainless Steels, Stress corrosion cracking
of stainless steels Is a common occurrence (paragraph 4.10).
The type 200 series (16 to 18% chromium with about 5% nickel
and some manganese) and Tgﬁé 300 series (17% or more chrom-
lum and 7% or more nickel) are especially prone to this type
corrosion., Fallure due to stress corrosion in water con-
taining chlorides was discussed in paragraph 4.10. This is
probably the most likely cause of failure on a military base,
as it is encountered in water distribution or recirculating
systems., Crevices where chlorides can concentrate should
ve eliminated to prevent stress corroslion. Also, chloride
and oxygen content 1in recirculating systems can be kept to
one ppm or below,

The Type 400 series (12% or more chromium) may fail by
either stress corrosion c¢racking or hydrogen embrittlement.
These steels can be heat treated (hardened) to increase
theilr resistance to stress corrosion. Hardened steels, how-
ever, are more susceptible to hydrogen embrittlement.

4,15.9 De-Alloying (Selective Dissolution). Selective
dissolution (paragraph 4.5) 1s probably most common in cast
iron lines. Graphitizatlon of cast iron, whether plug type
or overall, produces a weakened structure which may give
continued good service untll a sudden surge or other stress
breaks through the weakened structure. A fallure of this
type 1s usually characterized by a large hole. The pipe
responds with a dull sound when struck with a metal object
and may be penetrated easily by a screwdriver., It appears
in good condition, but will shatter, or break when pressure
surges or water hammer occurs, Statistical analyses of
fallures occurring in cast iron pipe (paragraph 4.14.3) can
also reveal grapaitization. (This may not easily be distin-
guished from mechanical failure,)

Dezincification of brass (paragraph 4.5) may occur in POL
facilities where this materlial is sometimes used for pipe.

4.,15.10 Atmospheric Effects, Corrosion of metals in the
atmosphere T3 covered 1n paragraph 5.3.1.1.a. This 1s the
most prevalent typc corrosion, although its severity 1s not
necessarily great., Control of atmospherlc corrosion 1is
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accomplished by using resistant metals (paragraph 5.3) and/
or applying protective coatings. For detalled discussion
of military procedures in this area, see Military Paints
and Protective Coatings Manuals,

4,15,11 Water Tanks. Residential hot-water heater tanks,
elevated munlclpal-type cold-water tanks, and others exper-
ience internal corrosion. Galvanized steel, the traditional
material for hot-water heaters, corrodes at the elevated
temperatures required for dishwashers and laundry facilities,
Below 140°F, the zinc coating cathodically protects the
steel tank. Above 170°F, however, the potentials are re-
versed, causlng accelerated corrosion of steel. Solutions
to these problems include the use of coatings and magnesium
anodes (cathodic protection) for galvanized tanks, or sub-
stituting copper or Monel for galvanlzed steel. An example
of a hot-water heater cathodic protection system is found
in paragraph 7.6. Large volume hot-water tanks may re-
quire impressed current cathodic protection, because of the
greater surface areas involved.

Elevated water tanks are subject to various temperature and
climatic conditions. Internal coatings and cathodic protec-
tion provide the best solution to corrosion problems., Cor-
rosion 1ls generally most in warmer weather, Tanks in which
ice forms experience little corrosion during winter, Cath-
odic protection design for elevated cold-water tanks de-
pends on tank conflguration, lincluding support structures
and risers, Examples of this are found in paragraph 7.6.

Speclal corrosion problems plague tanks holding demineral-
ized (deilonized) water. This water, frequently used in
producling supercritical steam, 1s purified in ion-exchange
resin beds. Here chiorides, caustics and other undesirable
salts are removed. Blistering of internal coatings is
worse in demineralized water than in fresh or salt water,
Additionally, this type water will not form protective car-
bonate films on the metal surface, because carbonates are
not present. It does, however, tend to dissolve metals.
This occurs because the demineralized water is not satura-
ted with any dissolved particles, but often does contain
oxygen. Since saturation is a favorable (low-energy) state,
1t will dissolve whatever it can - the metal surface,

Cathodic protection usually cannot be used, because unde-
sirable impurities are produced., Ordlnary coatings are
also unsatisfactory, because no coating is perfect. Corros-
ion would concentrate at holidays and be unchecked with no
cathodic protection. The best solution is all plastic

equipment - tanks and lines - or rubber inner "bags" for
tanks,
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< Powery and Communica ns Cable. Cables are
either "buriI®d™ (direct burilal in so or "underground"
(pulled into fiber, vitrified clay, or concrete ducts and
often embedded in concrete below grade). Either type con-
strugtion becomes involved with corrosion of the cable
sheath.

Underground sheath cable, exposed to external corrosion, in-
clude electric power and lighting cables, telephone, fire
alarm, and teletalk cables. The usual construction 1s the
underground method, most commonly providing separate duct
runs and manholes for various cable systems. However, some
older systems may use common manholes and duct runs.

Corrosion of lead sheath cables 1s due to several causes,
including:
1., Small anodic and cathodlic areas of lead due

to splices, scratches, and abrasions,

2, Alternate wet and dry duct runs,

3. Galvanic effects due to copper bond straps,
ground connections, or proximity to other metals.

4, Stray current effects from electrified rail-
ways, 1ndustrial chemical operations, and other sources.

In many known corrosive locations, past practice has been

to use a protective neoprene sheath over lead sheath to pre-
vent sheath corrosion. This is sometimes satisfactory
against local cell action, dissimilar soll environment, and
galvanic cells, The stray current problem, however, re-
quires a complete study resulting in the proper use of insu-
lating splices and possible polarized forced drainage bonds,
Neoprene sheath construction has proved satisfactory as a
moisture-proof coating that apparently has a relatively
small deterioration with age. Polyethylene coatings also
are reported satisfactory. One incident 1s known where
termites have eaten through polyvinyl chloride insulation

on buried cable in North Carolina, resulting in cable fail-
ure from moisture seepage.

Insulated jacketed cable on the one hand requires adequate
grounding because none will be obtained as a result of the
underground cable run, Bare lead sheath cable on the other
hand will have a fairly low ground resistance as a result
of wet ducts and low s0il resistivity. To this 1s added a
grounding system to insure a low ground resistance value.
Lead is often coated with tar and wrapped 1n jute, This
type system has a structure-to-soil resistance comparable
to coal-tar coated pipe. The grounding system will gener-
ally consist of a bare copper ground bus of 500,000~-circular-
mil size or larger located in a spare duct or embedded in
the concrete envelope of the duct runs. Another usual
practice is to locate terminal and switching equipment in
underground vaults with a considerable ground mass, all of
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copper, located at the vaul®.. Both the lead sheath and the
copper ground rods and interconnecting cavbles are bare. A
low resistance contact with the soil has thus been obtained
for the grounding system. As a result, a galvanic cell ex-
ists with lead anodic to copper. The lead sheath corrodes,
protecting the copper grounds,

Polyethylene or neoprene jJacketed cables should be used in-
~tead of bare lead sheath cables, Where bare or Jute-.
coated lead sheath cables are installed, copper grounds
should not be used; instead, use stainless steel, galvan-
ized steel, stainless clad or similar rods, and apply cath-
odic protection. Cathodic protection will not be needed on
Jacketed cables if Jackets remain intact. Taped splices,
however, could be a problem,

4.15,13 Underground Tanks. Underground tanks frequently
contaln hazardous materlals such as gasoline, butane, sol-
vents and fuel oil. Unlike pipelines, which are usually
repaired if a leak occurs, leaking tanks usually must be re-
placed. Consequently, corrosion exacts a large replacement
cost plus the possibllity of shutdowns. In addition, and
frequently of major concern, a safety hazard 1s presented
by leaking tank contents (paragraph 4.15.2).

Coatings and cathodic protection, applied to underground
tanks, will not mitigate corrosion problems. Coatings
alone are unsatisfactory. Corrosion concentrates at
"holidays", increasing the corrosion rate ("area effect”,
paragraph 3.2.3.3.a).

Non-metallic tanks, notably fiberglass reinforced plastic,
are being used commonly. These, along with non-metallic
piping, often represent an economical solution to corrosion
problems. They resist attack by many products, are strong
enough to withstand most soil or other loading stresses,

and are often not difficult to handle and install, They do,
however, require some special procedures with which all
contractors are not experienced. As with other underground
structures, the englineer should select the best material
for the job that is to be done.

Standardized cathodic protection systems - elther galvanic
or impressed current - are avallable for underground tanks,
To insure adequate protectlion and proper operation, these
require malintenance, and inspection by a qualified corros-
ion englneer,

4,15,14 Marine Structures. Sea water as an electrolyte
1s discussed In paragraph 3.2.3.2.c(2). Because it con-
tains large amounts of dissolved salts, sea water is very
conductive and, therefore, conducive to corrosion. 1In
addition, it contains numerous organisms and dissolved
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gases among other constituents., Variations in salinity and
temperature can also contribute to corrosion. The effects
of slternate wetting and drying, water velocity, and the
mud line are also important.

When 28 new structure is being planned, the designer must
consider corrosion control., Structure design should incor-
porate features to minimize corrosion. Among other factors,
enclosed areas should be sealed to keep water out, skip

welds should be avoided as should horizontal bracing in the
splash zone.

A study should be made to determine what protective meas-
ures are needed. The corrosion engineer must consider
structure life, corrosiveness of the water, and costs of
corrosion .control versus other means of maintenance such as
repair or replacement.

There are many methods for controlling marine corrosion.
Amont the most important are: material selection, coatings,
cathodic protection, concrete casing, and metal sheathing.
Several examples indicate methods of analysis.

4,15.14,1 Existing Pler. This pier was a 22-year old
structure, utillizing bo plles and sheet plle bulkheads
in a sea water harbor. The water was slightly polluted,
and its resistivity averaged 22 ohm-centimeters. No stray
current was found. The piling had been coated with con-
crete in the tidal zone, and no corrosion had occurred
there. 1In the water zone, however, H pile flanges had lost
an average of about 0.265 inches, or 43% of original thick-
ness, This 1is equivalent to 0,006 inches per ear, quite
close to the worldwide salt water corrosion rate for steel
of 0.005 inches per year (reference 14).

Another 20 to 50 years of service was desired from this
pier. Investigation revealed that protective measures
would be required. To insure structural integrity, pile

- reinforcement was considered essential by the owner's engil-

neers. Three means of reinforcement had been proposed..
These were 1) welding in new pile sections between mud line
and dock, 2) Jacketing existing piles with concrete down to
the mud line and 3) adding new "helper" piles adjacent to
existing plles.

All three reinforcement alternatives required careful con-
sideration. New pile sections would corrode faster than
the existing piles becausc new sections would be anodic to
old piles into which they were welded. Jacketing pilles
with concrete would lead to accelerated corrosion in mud
due to the concrete-mud cell, Helper plles, if not elect-
rically continuous with existing piles, would corrode at
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about the same rate as the original piles. If helper piles
were in contact with old piles, the helpers would corrode
at an accelerated rate. Consequently, due to the desired
20 to 50 year service, pile reinforcement without corrosion
protection would be only a partial solution. Additional
repalirs would likely be needed within the next 20 years.

Cathodlc protection of the piles was determined to be the
most desirable alternative. A design life of twenty years,
using elither impressed current or galvanic anodes, was most
economical. Galvanic anodes would require replacement after
10 years. Economlc analysis determined impressed current
was the better choice. 1In addition, tidal zone coating and
interplle bonds for electrical continulty were used,

4.,15.14.,2 Existing Docks. Twenty-year old docks sup-

ported by cylindrical steel plles were corroding severely.
Land fill at the base of the plers was held by sheet steel
plling. Plles and bracing on one pler were partially
coated while the other structure was bare. Water was pol-
luted and had a resistivity of 45 ohm-centimeters. No
stray current was found.

Investigation revealed 35% of the piles had been reduced to
about 50% of original wall thickness. About 2.5% of the
plles had falled completely. The sheet pile bulkhead exhib-
ited heavy scaling and about 85% of the tie rods had failed.
Bracing was generally 50% corroded off at the ends,

In order to provide the extended service desired from the
pliers, corrosion protection was necessary. Severely cor-
roded piles would need repairs, most probably by welding
reinforcement pieces onto piles and bracing. Either a 20
or 50-year additional life was considered, so it was neces-

sary to determine the best type of protection for the two
life spans.

Four alternatives were: 1) cathodic protection with tidal
zone and sheet piling coating, 2) coating only, 3) cathodic
protection only and #) no protection at all. Solution 1 was
the best from a corrosion mitigation standpoint, since all
surfaces would be protected. Solutions 2 and 3 offered only
partial protection since corrosion in the water and mud
would continue under Solution 2, and tidal zone corrosion
would continue under Solution 3, For Solution 4, a program
of regular plle repair would be required.

An economic analysis revealed that costs of the four alterr.-
atives were comparable. To insure structural integrity and
minimize repair inconvenlences, Solutlon 1) was chosen.

4,15.15 Underground Heat Distribution‘System Metallic

Condult. These systems consist of a carrier pipe or pipés,
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often surrounded by thermal insulation encased in an exter-
lor condult, Metal, concrete and asbestos cement conduits
are used. The carrier pipe is nearly always steel, al-
though copper 1s sometimes found. Occasionally, steel and
copper pipes have been used in the same condult; this prac-
tice leads to serious galvanic corrosion of steel due to
contact of dissimilar metals when the insulation becomes
wet. Except in pressure-tight conduit which is protected
against penetration (or non-metallic conduit) and thus as-
sumed to remain dry, dissimilar metals should not be used,

Non-pressure tight conduits, which to our knowledge are no
longer being made but many of which are still in use, pre-
sent speclal problems. - Water can enter conduit through

Joints or back up from flooded manholes. If insulation 1is

present, this may become soaked, causing thermal as well as
corrosion losses,

In condult systems, the carrier pipe cannot be protected un-
less anodes are installed within the conduit. This is not
standard practice. Therefore, it 18 necessary to keep water
out of the condult. This has led to development of pressure-
tight conduits. It then becomes necessary to protect the
exterior casing against corrosion.

When a leak occurs in the carrier plpe, water can flood the
circult and cause further corrosion. Leaks usually require
replacement of a section of condult since it is difficult
to repair an individual leak unlike direct burial line.

In general, when steel conduits are used, coating and cath-
odic protection should be applied. Conduit manufacturers
recommend this, too. In many environments, however, pres-
sure-tight asbestos cement conduits should be considered.
Some of these have the added advantage of having individu-
alliy-sealed lengths. Thus, should a leak in one length oc-
cur, water would not flow to adjacent lengths, confining
corrosion to the area of the leak.

It 18 important to remember that cathodic protection pro-
vides protective current to casing but not to enclosed pip-
ing.  Cathodlic protection is applied to burled conduit Just
as 1t 1s to pipelines, tanks, ete. The purpose 1s to pro-
tect the exterior condult from corrosion; if corrosion 1s
permitted to occur, then the exterior conduit will penetrate
and admit water, leading to corrosion of the pipes within.
Since the conduit acts as a shield, it 1s not possible to
protect the carrier pipes from outside the conduit. Conse-
quently, it is important to protect the conduilt,

Some manufacturers and suppllers sell standardlzod galvanlce
anode systems along with their plpinp. These arce not gencr-
Ally effectlive and should bee Lested by o competbont crgebnecre,
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ho1%.16  De-felny; Salts,  De-=lelng salts are a problem

in cold, Northern arcas where cnow and ice are abundant,
Salts, sprecad on sldewalks, roads, etc., to melt lcec, are
extremely corrosive when dissolved in water. They get into
manholes by belng thrown there or by seeping in dissolved
in melted 1ce. They can cause serious corrosion in ducts,
This environment 1s similar in some respects to salt or
brackish water encountered by seacoasts.

Dissolved salts also seep down through soil, attacking
pipes, building plles, tanks and other underground struc-
tures. Salts have been found as deep as 5 to 6 feet below
grade, Often, soll resistivity 1s greatly lowered by de-
icing salts, increasing the corrosiveness. Where pipes are
encased in concrete (snow melting and radiant heating sys-
tems), salty water can greatly increase corrosion at expan-
slon Joints or breaks. :

4,15.17 Steam Coniensate Lines, Steam condensate lines
can fail from elther Internal or external corrosion. Most
external problems occur on condensate or "return" lines
since they are at a relatively high temperature below the
boiling point of water and do not dry the environment' about
them as steam supply lines generally do. A recent study by
the Academy of Science confirmed this (reference 13). Usu-
ally, these are surrounded by thermal insulation and en-
cased 1n conduit (paragraph 4.15.15). Recently, however,
condensate and return lines have been buried without any
thermal insulation. Thls pipe behaves as any other buried
plpe, and corrosion may cause failure. Where steel is used,
coating and cathodic protection is needed. Coating must be
compatible with line temperature. Generally, above about
160°F coal-tar expoxy is recommended (temperature limit,
250°F). Consideration should also be given to asbestos
cement or other non-metallic pipe.

Interlor corrosion also contributes to fallures, and can
occur in both supply and return lines, This is usually due
to lack of or lnadequate water treatment. The composition
of metal or alloy (usually low carbon steel) used for piping
generally 1s of minor importance. When interior corrosion
is encountered, a study should be made to determine the
cause and to select or modify treatment.

Problems encountered are of two types: plugging of lines
with insoluble scale and deposits, or pitting and channel-
ing of pipe walls. Deposits are generally metallic oxides
and hydrates, and these are frequently found downstream
from the location of corrosion, These deposits can be dif-
ferentiated from material, not the result of corrosion, be-
cause of thelr metallic nature.
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Pitting and channeling are produced by dissolved oxygen and
carbon dloxide. Feed waters are generally saturated with
dissolved oxygen from the atmosphere, Carbon dioxide may
be present in various concentrations, derived from the at-

- mosphere, or subterranean and other sources, In addition,

carbon dioxide 1s liberated in water upon heating, from
such compounds as calcium or magnesium bicarbonate.

Oxygen reacts with a metal surface as described in para-
graph 4.3, Pitting and tubercles are commonly observed.
Typical corrosion by carbon dioxide is uniform thinning of
the surface, resulting in bright metal free from corrosion
products. Control of this type intermnal corrosion can be
accomplished by: boller feed water treatment to minimize
dissolved gases, chemical treatment of the condensate, or
use of more reslstant materlals. Usually, the first two
methods are less expensive. For information regarding
water treatment, refer to Alr Force Manual 85-12,

4,15.18 oOther Internal Corrosion Problems. For a dis-
cussion on Internal corrosion problems encountered in mili-
tary facilities, see Air Force Manual 85-20 and other mili-
tary directives applying to the specific structure under
consideration,

4,15,19 Radio and Radar Tower Foqtings and Guy Anchors.
Tower footings and guy anchors experlence corrosion prob-
lems. These structures are usually galvanized steel, some-
times encased 1n concrete. Above-ground galvanizing gener-
ally provides adequate protection, but underground the cath-
odlz protection it supplies to steel does not last long.
Concrete casing may be included elther as weight or to pre-

‘'vent contact with soil. As a coating, concrete 1s generally

imperfect; corrosion concentrates at breaks.

Severe corrosion frequently occurs from the galvanic cell
between steel tower footings or guy anchors and massive
copper grounds., Often these structures are part of radio
stations so they are tled to high power sources, Good
grounding is therefore necessary. The large copper cath-
odes corrode the steel structures, This condition 18 wors-
ened because towers are often located in areas of low resis-
tivity (corrosive) soil to improve grounding. Other galvan-
ic cells may occur when aluminum or copper are used in com-
bination with steel in towers, Such dissimilar metals
should be avoided where possible.,




SECTION 5 - CORROSION CONTROL

5.1 + GENERAL. The many reasons to initiate a corrosion
control program for proposed or existing structures were
discussed in Section 2, A few are:

. To insure continuity of operations for the success
of the mission,

To minimize hazards to life, 1imb, product or environ-
ment that a fallure could cause,

To satisfy government regulations,

To minimize product or material losses,

To minimize future expenditures resulting from struc-
tural deterioration, thus minimizing annual operating costs,

- The relative importance of these, as well as the choice of
o specific corrosion control methods, depends on individual
structure or system conditions. The situation should be
analyzed by a competent corroslon englneer to determine
types and rates of corrosion experienced or anticipated, and
what means of control to use.

Corrosion should be considered from the preliminary planning
stage to completlon of all projects. Solls and waters are
tested for resistivity, pH, and sulfate content so that
underground facilities can be engineered for their environ-
ment. This is much more economical than the "trial-and-
error” method of waiting until fallures occur to investigate
and correct premature deterioration. Mitigative measures
most always cost less when installed on newly constructed
facilities. They must, however, then be capitalized. Once
underground structures have been operated, corrosion control
costs often are included with operating or maintenance ex-
penses. Thils may save money, or only appear to, until costs

of plant shutdowns, excavations through floors, etc. are
realized.

Corrosion control is often economically applied to existing
buried piping, tanks, cables, and so on; even those which
have suffered failures. This 18 an alternative to replace-

ment,)but its limitations must be understood (paragraph
° 50202 L] ‘

Corrosion may be prevented or mitigated readily, and all
methods have one basic feature in common. That is, they re-
duce, stop or divert the flow of electric current which
causes corrosion. This may be accomplished by physical,

chemical or electrical means., Common methods of cc.rosion
control include:
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Material selection

Coatings and wrappers
Chemical treatment
Insulation

Bonding

Test stations

Cathodic protection

Anodic protection
Electrical grounding
Controlling the environment
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These are often used in combination.

In order to decide what means of corrosion control to smploy,
it 1s often helpful to determine sources of corrosive cur-
rent. For example, stray currents and galvanic couples can
frequently be controlled more effectively when recognized.
The difference between simple electrochemical corrosion and
stray current corrosion as well as physical and chemical
factors should also be considered.

5.1.1 Simple Electrochemicual Corrosion. Galvanlc and
other types of electrochemlcal corrosion were discussed in
Section 4, 1In general, these types are characterized by
generation of corrosion current internally; that is, from
conditions within the corrosion cell 1tself. The conditions
produce a natural potentlial difference between anode and
cathode. Tn order to mitigate electrochemical corrosion,
contributing conditions within the corrosion cell must be
recognized and altered or eliminated. Section 4 covers con-
ditions which give rise to various types of corrosion.
Methods of controlling corrosion are discussed in Section 5.

5.1.2 Stray Current Corrosion. As noted in paragraph
4.13, stray current corrosion is caused by current from some
source external to the four components of a basic corrosion
cell (paragraph 3.2.3). Although stray current corrosion
is electrochemical in nature, it 1s generally considered
separately from other electrochemical forms because of the
external current source. Stray current corrosion is simi-
lar in nature to an electrolytic cell (paragraph 3.5.1).
Whereas other forms of electrochemical corrosion correspond
to galvanlic or concentration cells (paragrapts 3.5.2-3).

Recognizing stray current corrosion usually requires an
electrical analysis, somewhat different than for other cor-
rosion, Mitigation 1is also usually
different: eliminating the external current source or over-
com?ag its effects by installing electrical equipment or re-

wiring the source, rather than altering the basic corrosion
acell 1eaelf,
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5.2 RECOMMENDATIONS FOR PROPOSED AND EXISTING STRUCTURES.
It 1s jyenerally easler to consider more possible means of
control for a proposed structurc, because less difficulty
and expense 18 encountered than with a structure already 1n
service. Early planning 1s more economical. With existing
structures, however, anticipated problems may be more
easily recognized because a history of in-service behavior
is generally available.

5.2.1 Proposed Structures, Avoid bimetallic contacts.

- Where different metals must be adjoining, insulate them to
prevent contact or use those metals close in potential in

" the Galvanic Series. Coatings and cathodic protection are

also effective in preventing galvanic corrosion. If coat- ;

ing alone 1s used, coat the cathode, not the anode; elimin- ﬁ

ate the "area effect" by preventing a small anode to cathode
area ratio.

Choose materials of construction for environmental compati- ;
bllity as well as other requirements. i

Assure proper metal heat treatment or stress relleving if '
needed. Careful welding, to avoid "knife-line" attack, is
essential,

Avoid crevices, corners, and other places where corrosives
can collect.

Structures must be large enough to withstand required flow
rates without experiencing cavitation or impingement.

»;; Avoid designs including areas of turbulence; streamline
F bends,

Avold spraying fluid onto metal surfaces.
Avoid conditions producing fluid stagnation. g
Design for system environment temperatures,

Use inhibitors or chemical treatment where required in fluid ;
environments,

Consider earlier experiences and/or experiences of others in
the same area,

Excavated or removed structural members from the proposed ]
site should be examined for corrosion. ; ) §

Provide a uniform backfill for buried structures where
possible.
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Use Boll tests and visual observation of soils as guides,
Soil resistivity, pH, chemical content (sulfate, sulfide,
chloride, etc.) and redox can be measured. Soil type,
dralnage and water table is observable.

Similar tests are run for water.

t Avoid undesirable environmental conditions such as soil-
: concrete cells,

Study existing structures on the site or right-of-way. This
may apply to plant expansion or pipeline looping projects. ;
Here electrical measurements of structure-to-soil voltage, j
IR drop and structure-to-structure voltage can be taken. §
Nondestructive thickness measurements can also be consid- '
ered., When some cathodic protection is already in use, the
electrical evaluation might show that new facilitles (espec-
1ally 1f coated) can be cathodlcally protected at little or
no additional cost. Stray current may be found. This might ;
provide "free" cathodic protection when drained or entirely ‘
rule out cathodic protection.

Consider present and future conditions: Do not place metal
structures under thick or inaccesslible paved streets or
floors., Avoild condltions where explosions, fires, or plant
shutdowns may result from corrosion. Conslider possible
spilling or dumping of chemicals, deicing salts or other
corrosives in the 3ail. Consider nearby future construc-
tion. e

RS
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Require proper electrical grounding procedures.

Use coatings and cathodic protection where conditions war-
rant this. (Cathodic protection is generally less expensive
when 1installed with the structure, rather than later?g

Install test stations where needed, whether or not cathodilc
protection is under consideration.

Use dlelectric insulation and bonds where needed to prevent
or help prevent corrosion.

Consider anodic protection where feasible.

5.2.2 Ex1sting Structures. The same factors must be
studied when consldering existing structures. However, here
a history 1s generally availlable, Fallure rate and pitting
experience can be analyzed to give a truer picture of past,
present and future conditlions, Also, structures can be
tested with measurements of corrosion potentials and flow-
ing currents showing actual conditions. These test data can
be used to locate corroding areas and to correlate with
actual experience for estimation of corrosion rates,
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Corroslon fallure expectancy curves are a valuable tool in
the study of existing structures., Pilpeline and cable sys-
temn nhould have records of thelr corrosion leakn., Fach
year's total 1s plotted cumulatlvely agalnst time. 1II' a
logarithmic scale is used for the total faillures to date, a
linear time scale ylelds a stralght line curve. This curve
can be projected into the future. Figure 2-2 is an example,
plotted for a large pipeline system.

Cathodic protection is often considered for an existing
structure with a failure history. Here, replacement and/or
extensive repailr may be an alternate to cathodlic protection.
Dollar values are placed on corrosion fallures, corrosion
control costs are estimated and projected expectancy curves
will show payouts. Figure 2-3 shows how various types of
cathodlec protection systems can be compared with corrosion
leak repalr. If replacement is determined to be the most
economical cholce, recommendations for proposed structures’
(paragraph 5.2.1) should be referred to.

When considering corroslon control for an existing struc-
ture, its future should be studled. If a pipe will be too
small to handle the flow three years from this date, possi-
bly all thoughts of corrosion control should be abandoned.
On the other hand, if 1t 1s now a crude o0ll line and will
next year be converted to LPG service, it is probable that
every precaution should be taken. Changing environmental
conditlions must also be considered.

5.3 SELECTION OF MATERIALS, Engineering materials are
frequently chosen for physical and mechanical requirements
and initial cost only. Corrcsion resistance may not be
considered until after installation, if at all. This is not
always the most economical approach, as was shown in Section
2. A material's corrosion properties must be considered
also.

5.3.1 Factors Influencing Choice. Comparison of corros-
ion properties of various maferIals can be made only for a
specific situation. The precise environment and applica-
tion greatly influence how a material will react and must,
therefore, be considered in any comparison.

5.3.1.1 Environment. Environmental factors that should
be considered 1In materlal selectlon include composition,
concentration, temperature, pressure, pH, velocity, turbul-
ence, and homogenelty. Cursory examination of the subject
environment often indicates which factors are of prime im-
portance,

a. Atmospheres., Deterioration of metals from atmos-
pherlic exposure is the most prevalent form of corrosion; for
this reason, atmospheric corrosion receives more attention
than some hidden forms of corrosion. To some extent, this

123




A

b

s
ST R TR (e F

" RS TORS VIR

S Sak

L B Ry

1s justifiable; for example, it 1s estimated that at least
80 percent of the steel in use 1s subject to this type
corrosion.

Controlling variables for atmospheric corrosion of a given
metal are length of time the metal surface 1s wetted, types
and amounts of foreign matter in the atmosphere in contact
with the metal surface, temperature, relative humidity, pre-
cipitation, wind direction and velocity, and solar radiation.

Formerly, much confusion existed in corrosion detection of
metals because some lasted longer at one test site than at
another. Examples of centuries-o0ld ferrous metal columns
were used to indicate that better cast iron and steel were
made in ancient times. Recent data have shown that such

instances can merely reflect different atmospheric condi-
tions in various parts of the world. Table 5-1 shows the

" difference in corrosion losses from tests at twenty world-

wide locations. The table has been arranged by lowest to
highest relative corrodibility.
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Table 5-1

Relative Corrodibility of Atmospheres at
Twenty Locations Throughout the World

1l

Losses of Welght® Relative

Types of grams Corrqodib-
Location Atmosphere Max., Min, Mean ity
Khartoum, Egypt Dry inland 0.28 0.05 0.16 1
Abisco, North Unpolluted 0.72 0.34 0.46 3
Sweden
Aro, Nigeria Tropical 1.53 0.74 1.19 8
inland
Singapore,Malaya Tropilcal 1.74 1,05 1.36 9
marine
Basrah, Iran Dry inland 2.17 0.68 1.39 9
Apapa, Nigeria Tropical 2.94 1,47 2.29 15
marine
State College, Pa. Rural 3.75 25
South Bend, Pa. Semirural 4,27 29
Berlin, Germany Semi- 4,83 4,55 4.71 32
industrial .
Llanwrtyd Wells, Semimarine 6.22 3,40 5.23 35
B.I.
Kure Beach, N.C. Marine 5.78 38
Calshot, B.I. Marine 7.19 4,22 6.10 41
Sandy Hook, N.J. Marine, semi- 7.34 50
: industrial
Congella,S.Africa Marine 11.13 5,61 T7.34 50
Kearney, N.J. Industrial 7.75 52
marine v
Motherwell, B.I. Industrial 9.39 6.57 8.17 55
Vandergrift, Pa. Industrial , 8.34 56
Pittsburgh, Pa. Industrial 9.65 6
Sheffield, B.I. Industrial 13.40 8,74 11.53 (
Frodingham, B.I. Industrial 23.40 10.37 14.81 100

1 Larrabee, C.P.,

(V)

"Corrosion of Steels in Marine Atmos-

A e it il

pheres and in Sea Water", Trans. Electrochem. Soc., 87,
1945, Based on field tests of the Iron and Steel
Institute Corrosion Committee reported by J.C. Hudson

égéalron Steel Inst., 11, 209, 1943), with additional

Losses of welght sustained by 5.1- by 10.2- cm,
inc.) specimens made of open-hearth iron
copper) are used as a criterion (1.03 Am?

Frodingham, British Island = 100.

(2- by 4~
(0.007 percent
of surface).
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It 18 apparent from this table that atmospheric factors
greatly influence corrosion properties., The most corrosive
environments, marine and industrlal atmospheres, are des-
eribed here.

- (1) Marine atmospheres. Sea air contains traces of
chlorides and other components that, over time, can concen-
trate on metal surfaces. Also, salt spray is carried in the
atmosphere around the sea coast. For example, during hurri-
canes, salt spray has been carried several hundred miles in-
land with resultant destructive effects on foliage. Usually,
however, there 1s a very rapid drop-off in corrosivity with
increasing distances from water. It has been found, for ex-
ample, that corrosion samples exposed within 80 feet of
water's edge deteriorated much more rapidly than those
placed several hundred feet inland, say at 800 feet,

(2) Industrial atmospheres. Industrial atmospheres
are among the most corrosive., These contain many pollutants,
the most corrosive being sulfur compounds and chlorides,
Sulfur dioxide from fossil fuel comtustion combines with
moisture in alir or dew on surfaces to produce sulfurous acid.
This compound 18 oxidized to sulfuric acid which beads on
structure surfaces, producing severe acid conditions.
Intense corrosion results. Various chloride compounds con-
tribute to the intensely corrosive atmospheres, often pro-
ducing worse destruction than sulfur acids.

b. Waters, Water containing no dissolved gases or
other corrcsive impurities does not react with metals to an
appreclable extent., It also contains few lons to carry cur-
rent and 18 a poor electrolyte. If oxygen 1s introduced in-
to pure water, however, very corrosive conditions, typified
by dimineralized water, result. This type water 1s more
corrosive than fresh or salt water because it contains nc
carbonates, Carbonates often form protective films on metal
surface,

Commonly encountered waters contain many contaminants,
Their resistivities are lower, and, hence, they are better
electrolytes. Also, carbon dloxide, sulfates, chlorides,
and aclids, compounds which can react with metals and other
materials, are often present, Some or all of these contam-
inants can be found in sea water, waste effluents, and in-
dustrial waters from many sources, These waters can be ex-
tremely corrosive, their rate of attack usually increasing
with temperature.

The most notable "contaminant" in water in terms of corrosion
is oxygen, which dissolves from air. Oxygen, & cathodlc de-
polarizer, reacts with protective films on metal cathodes,
When the cathode film 1s gone, current flows, and corrosion
proceeds, -
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Many other factors may increase corrosivity of waters., Sus-
pended solids and entrailned gas bubbles can contribute by
impinging on structure surfaces, damaging coatings or protec-
tive films. Turbulence or high velocity flow may influence
corrosion rates also. Analyses of individual water condi-
tions are necessary to determine corrosivity.

. €. Soils. Soil resistivity is one indlcator of soil
corrosivity. It is a measure of the ability of soll to per-
mit electric current to flow and is expressed in ohm-centil-
meters, It 18 also used in cathodlc protection design to
predict current output from anodes., The lower soll resistiv-

ity, the more corrosive the soll may be. Soll with resis-
tivities of less than 10,000 ohm-centimeters will cause sig- {
nificant corrosion to steel structures within a relatively ‘
short period; 20 years for 0.325 wall steel 1s one indica-

tion. The corrosive nature diminishes but 1s not eliminated

at higher resistivities. Soil resistivity will vary during

a given time period because of changes in molsture content.

The most corrosive condition will be that with the highest

moisture content. Extreme variations in resistivity through-

out a site are also important.

Soil containing different materials, such as clay and sand,
may have high average resistivity, but these materials have
widely differing resistivities individually. Sand resistiv-
ities may vary from 5,000 to 100,000 ohm-centimeters and
clay may vary from 200 to 10,000 ohm-centimeters., These
differing resistivities represent different electrolytes
and, when mixed, cause more rapid corrosion from dissimilar
environments.

Soils with resistivities above 10,000 ohm-centimeters may be
corrosive because of other environmental factors such as
acidity or stray current,

The pH of most soils varies between 4 and 9. pH values be-
low about 6 should be considered possibly corrosive due to
acids in soils. 1In general, extremely high pH values and
extremely low ones indicate a corrosive environment (other
factors excluded). pH values around neutrality (approxi-
mately 6 to 8) are most favorable for growth of sulfate-
reducing (anaerobic) bacteria.

De~-icing salts are generally encountered in urban and subur-
ban areas with appreciable snowfalls. The effect of de-icing
salts 18 to lower soil resistivity in areas where used, by
adding soluble salts to moisture in solls and acting as an
improved electrical conductor, These salts accumulate every ,
year in these areas and are carried farther from their {
source by dissolving in the ground water. Effects of de-
icing salts have been rep.rted down to depths of 5 to 6 feet.
This presents an ever-increasing problem to underground
metallic structures (paragraph 4.15.16).
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Excavation of land can also cause soil corrosion, for
several reasons. Excavated soll layers used as backfill are
not replaced in their original order, and the degree of com-
paction will not be the same. Backfilling can mix soil
types of widely-differing resistivities, setting up differ-
ential environment corrosion cells. Differential aeration
cells can be set up by unequal compaction. Serious corros-
ion can occur because of sticks, stones, tin cans, welding
rod, or other debris. Even though a clean, sand backfill is
used, foreign materials may be inadvertently included in the
backfill., Also, contaminated ground water can seep in,
changing the environment of the backfill,

Foreign matter can also produce corrosive conditions in
otherwise seemingly non-corrosive soils (favorable resistiv-
ity and pH). Cinders, for example, are a source of corros-
ion, especially where ferrous metals are concerned. Cin-
ders contain appreciable amounts of sulfur, which, in
aqueous media, forms sulfuric acid and aggressively attacks
steel structures., Cinders are often contained in backfill
materials and, while a buried tank 1s carefully backfilled
with sand, aqueous solutions from surrounding soils will
still seep into the cleanest sand backfill. A cinder,
placed directly against bare metal, will make it impossible
to cathodlcally protect that portion of the surface directly
in contact with it.

Other problems arise, from impurities in soils which produce
bacteria, Bacteria thrive where sewage or other organic
material contaminates the ground. ILeaky sewerage, septic
systems, or outhouses, animal manure and other fertilizers
also are a source. In addition, organic matter such as
leaves, skilds, rope and paper that are left in the ditch
after construction provide a good environment for bacterial
growth, Bacteriological corroslion was discussed in para-
graph 4.4,

Soil surveys should always be made prior to design of new
installations, to determine resistivity and extent and type
impurities present in soil. However, these studles may not
tell the complete story, and do not predict future environ-
mental changes.

d. Other Environments. Many other environments be-
sides the atmosphere, water, or soil contact common materials
of construction. Natural gas, petroleum products, and chem-
icals are some which are commonly encountered. In any en-
vironment, an analysis of major constituents will help to
determine materials resistant to degradation.

5.3.1.2 Application. 1In addition to knowledge of a
material's proponcd environment, the precise application
should be analyzcd prior to material sclection. From such
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an analy:la, requlred propertics can be determlned; streenpgth,
ductility, thermal and clectrlenl propertlen are common choi-
ccd, OLher factors that sowmctimes inlluence matoerlal selee-
tion include density, resistancc to atomic radiation, and
acoustical properties. These may be equally as important as
corrosion resistance in some applications; consequently, a
compromise which provides the optimum combination of proper-
ties and costs will be necessary.

Some materials, corrosion resistant in most circumstances,
are subjJect to localized corrosion fallures in certain appli-
cations. A material which is resistant to acidic corrosion
may be used to fabricate a holding tank. However, 1f the
same material i1s subject to high velocity corrosion, the
stirring apparatus in this same tank may have to be formed

of a totally different material. Consideration of all prop-
erties determines which material 1s best for any specific
application.

In general, many potential problems can be avolded through
proper deslgn. GQGalvanic couples, crevices and pockets, and
high stress conditions among others can often be avoilded in
the design stage.

5.3.2 Common Metals and Their Corrosion Properties. As
stated earlier, a materlial's corrosion performance depends
on many factors characteristic of specific conditions and
application at hand. A general analysis of corrosion prop-
erties of metals commonly used for engineering is presented
here,

5.3.2.1 Cast Iron. The term cast iron describes high
carbon-iron alloys containing silicon and other elements.

a. Gray Cast Ircn., Gray cast iron contains free
flakes of graphite in the microstructure. Since graphite 1s
very low in strength, its presence reduces the tensile prop-
erties of iron. Graphite also decreases ductility and makes
gray cast iron susceptible to graphitization (paragraph 4.5).
The material, however, 1s relatively inexpensive and easily
cast at low temperatures., It also exhibits excellent vibra-
tion-damping capacity which recommends its use for such ap-
plications as heavy machine bases,

b. Ductile (Nodular) Cast Iron. Ductile cast iron
contains free graphite as nodules or spheroids, a form less
subject to stress concentrations than flakes, The result 1is
increased ductility which allows some mechanical working of
ductile iron. This form results from addition of magnesium
or cerium to molten iron. As with any cast iron containing
free graphite, ductile cast iron is subject to graphitiza-
tion.

c. Malleable Cast Iron. "Clusters" of free graphite
resulting from a heat treatment process characterize malle-
able cast iron. This materlal shows good ductility.
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d. White Cast Iron. If the amount of silicon in cast
iron 18 reduced below about 1%, practically all carbon pres-
ent forms carbides. With no graphite in the microstructure,
graphitization will not occur., However, the high carbide
content of white cast iron produces a metal which is very
brittle and quite hard.

e, High Silicon Cast Iron. G@Gray cast iron containing
silicon in excess of 1l4% is extremely corrosion resistant,
due to a surface layer of inert silicon dioxide. Hydro-
fluoric acid is one of few corrosives which can attack this
alloy. When chromium is added, resistance increases further. °
High sllicon cast irons are corrosion resistant to the entire

-range of sulfurlc acid concentrations up to the boiling point,
to strong nitric acid, and to many hydrochloric acid condi-
tions - often to high temperatures, and to most other mineral
and organic acids. These materials have fair tensile stren-
gth and are not ductile. They are susceptible to thermal and
mechanical shock. The hardness of such alloys makes them re-
sistant to many conditions involving severe corrosion-
erosions. The alloy 1s subject to chipping. High-silicon,
chromium-bearing cast iron is used extensively for anodes in
impressed current cathodic protection systems,

f. Austenitic Cast Irons. Austenitic gray cast iron
alloys contaln 20 percent nickel or nickel and copper in the
ratio 2.5 to 1. They represent most common types of the
austenitic cast irons. Such special irons are more highly
resistant to chemical attack and less active in galvanic
action with graphite than are regular gray cast irons. These
properties make them resistant to graphitization. The coef-
ficlents of thermal expansion are considerably less than those
of normal gray cast irons., Austenltic gray cast iron alloys
can be used to 1500°F as compared to 1200°F for gray 1iron,

where only small permanent changes in dimensions may be toler-
ated,

These alloys are used in making valves, fittings, pumps,

fatty acid stills, still-tube supports in the petroleum in-

dustry, gas-producing shells, sulfite digestor blowpilpes, *
salt filters, and contalners that hold caustlc solutions,

crude oils, sulfuric acids, and refined petroleum products.

5.3.2.2 Carbon Steels. Plain carbon steels exhibit cor-
rosion resistance simlilar to gray cast iron with an important
exception. Carbon in carbon steel forms carbides, not graph-
ite, and, therefore, graphitization of carbon steel is not a
problem. This material 1s relatively inexpensive and finds
many applications where good corrosion resistance 1is not a
requirement. '

5.3.2.3 Low Alloy Steels. Low alloy steels are carbon
steel alloyed To element® In the range of about 2% total or
less, Additions in small amount of cuch materials as chrom-
ium, nickel, copper, molybdenum, or vanadium fall into thic
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b category. These materials are added in general to lncrease

3 ' mechanlcal properties, not corrosion resistance, but some
increase in resistance to corrosive attack is generally ob-
served, Additions of small amounts - about 2% total or
less - often appreciably increase resistance to atmospheric :
corrosion. Such alloys as 2% chrome - 1/2% molybdenum find ]
extensive use for boller superheater tubing, because of :

. combined heat- and corrosion-resistance. However, low alloy
steels with higher percentage additions are often suscept-

ible to stress corrosion cracking, even under mild condi- .
tions,

% 5.3.2.4 Stainless Steels. Stainless steels exhibit

- higher corrosIon resIstance than other steels, because large
3 amounts of chromium are added. Additions of from 10 to 30%
2 make this material the main alloying element in the stain-
e less group, although nickel, molybdenum, titanium, colum- ;
bium, or copper are often added., Chromium is normally re- i
k< - active but passivates in many environments. Alloys of chrom- :
k| ium exhibit characteristic passivity. This is why stainless

; steel 18 corrosion resistant.

- Since over 60 types of stainless steel exist, properties vary
k. wldely. Some are designed for high strength, some for mach-
inability. The best known stainless steel is type 302. This
1s basic 18-8 steel (18 percent chromium and 8 percent nickel).
Type 304 is much 1like 302, with lower limits on carbon con-
tent and higher mean chromium and nickel content. Type 316

= is of the same family, with molybdenum added to increase cor-
L rosion resistance and high temperature strength. It can be
used for many chemical tasks. Type 410 is a hardenable heat-
resistant alloy with good machining properties., Types 201

and 202 have corrosion resistance comparable to 302, but con-
tain less nickel and more manganese. The 20-alloy, highly
alloyed stainless steel composition, augments conventional

18 percent chromium, 8 percent nickel stainless steel (ACI
graded CF-8, CF-8M, and AISI types 304, 316) for more severe
services, particularly for sulfuric acid use. It corres-
ponds to ACI grade CN-7M and 1s avallable either cast or
wrought. Coldworking 1is the only means of increasing the
hardness of type 20-alloy. It finds extensive use for equip-
ment as pumps, valves and agltators. The 20-alloy is super-
ior to 18-8 alloys for other uses, such as contact with hot
acetic acid, brines, strong, hot caustic solutions, hydro-
fluoric and hydrofluosilicic acids, hot sulfates and sul-
fites, sulfurous acid, phosphoric acid, and plating solu-
tions. Sulfate solutions usually have enough free acidity ;
to damage 18-8 alloys, and they require the superior compo- 4
sition of the 20-alloy. :

In environments that are favorable to corrosion by oxida-
tion, stainless steels display a nobillity approaching that
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of silver or platinum. When placed in strongly reducing

i3 media and deprived of oxygen, such alloys may move up the
R galvanic series to a vulnerable position approaching carbon
steel.

Austenitic stainless steels - including all the most common

ones - are subject to damaging carbide precipitation during

welding operations. The explanation aecePted for this phe-~ .
nomenon is the "chromium depletion theory". This theory
suggested that under certain conditions (slow cooling or
being held at about 1200°F for some time) chromium in the
microstructure combines with carbon from steel to form
chromium carbide. This compound generally precipitates at
the grain boundaries, robbing this area of its protective
dissolved chromium. Intergranular corrosion results. Dur-~
ing welding, often regions slightly to either side of the
weld are held at about 1200°F for a time, due to heat con-
duction through the metal. All coatings should be quench-
annealed from 2000 to 2100°F after welding, to reduce pos-
sible intergranular corrosion.

Table 5-2 1lists common applications of various stainless
steels,
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Table 5-2
STAINLESS STEEL APPLICATIONS
Type Equipment
s 301 Chutes for abrasive solids
302 Heat exchangers, towers, tanks, pipe
302B Heaters, heat exchangers
303 Pumps, valves, instruments, fittings
* 304 Perforated blowpit screens, heat-exchanger tubing,
preheater tubes
305 Funnels, utensils, circular hoods
308 Welding rod; nmore ductile welds for Type 430
309 Welding rod for Type 304
310 Jacketed, high-temperature, high-pressure reactors,
oll-refinery still tubes
316 Distillation and fractionating equipment for produc-

ing fatty acids, sulfite paper processing equip-
ment, and fractionating towers, brine and sea
water applications

317 Process edquipment involving strong acids or chlor-
inated solvents

321 Purnace parts in presence of corrosive fumes

347 Like 302, but where carbide precipitation during
fabricating or service may be harmful

403 Steam-turbine blades

405 Tower linings, baffles, separator towers

410 Bubble-tower parts for petroleum refining, coal-

handling equipment, seal plates, roller trains
of hydraulic gates, etc,

414 Beater bars, valve seats
4316 Valve stems, plugs, gates, nuts, bolts
420 High-spring-temper applications, surgical equipment
430 Nitric acid storage tanks, furnace parts, fan scrolls
430F Pump shafts, instrument parts, valve parts
431 Progucts requiring high yield point, resistance to

g shock

440 Cutting edges, shear blades, ball bearings
440B Cutting edges, shear blades

. 440c Cutting edges, shear blades
446 Burner baffles, furnace linings
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- 5.3.2.5 Aluminum and Alloys. Aluminum, passive to
many environments, 18 used extensively for pipes, tubing,
food contaliners, and kitchen utensils, It is extensively
used in chemical and petroleum industries. In building con-
struction, aluminum is used for roofing, window frames, and
hardware. It 1s also used in aviation construction, machin-
ery, electrical appliances, and as a metal paint. Aluminum
should not be placed in continuous contact with soils or
concrete, Resistance to weathering results from protective
action of the superficial film of oxide (Alp03) or hydrated
oxide (A1(OH)3) that forms, tending to prevent further cor-
rosion. This film can be artificlally induced by anodizing,
passing electric current through the metal surface,

Aluminum 1s amphoteric, that 1s, it reacts with either acids
or alkalles. gﬁe oxIde film protecting the metal is stable
over an approximate pH range of 4.5 to 8.5, This can be
altered by certain ions whose influence affects the film's
resistance. Aluminum should not be used in acid or alkaline
environment. Corrosion problems can arise if aluminum is in
contact with concrete, an alkaline environment, unless con-
crete 1s kept bone dry. Alumlnum is subject to pitting,
crevice corrosion, stress corroslon, and e<xfoliation.

Aluminum alloys are inexpensive and strong, finding applica-
tion where high thermal conductivity is required. Strength
of aluminum alloys may be 1improved by alloying and heat
treatment. Strengthening, however, tends to decrease cor-
rosion resistance of these materials. One means of overcom-
ing this effect is a process called cladding, covering the
alloy surface with a thin skin of purer metal. Clad alloys
resist pltting and stress corrosion, the cladding acting as
an anode and protecting the base metal.

An important workling alloy without heat-treatment properties
1s the 3003 alloy (formerly designated as 3S) which contains
1.25 percent manganese. It 1s resistant to heat and corros-
ion. Another important aluminum alloy 1s duraluminum, orig-
inally developed in Germany. In the United States, a simi-
lar alloy was developed, designated as 2017 alloy. This
alloy is composed of 94 percent aluminum, 4 percent copper
and 0.5 to 1 percent each of magnesium and manganese. It

18 heat-treated to 530°C or 986°F and then rapidly cooled

by quenching in water., For about forty-five minutes, 1t is
then in a plastic condition and can be rolled, bent, or
worked cold. Many other aluminum alloys have been developed.
Composition and available forms of aluminum alloys are given
in Table 5-3 and applications are given in Table 5-4.
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Table 5-3

AVAILABLE ALUMINUM ALLOYS AND THEIR COMPOSITION

" Alloying Elements . .
Type percent Avallable Forms

. 3003 Mn, 1.30 Cu, 0.20 Plate, sheet, wire, rod,
extruded shapes, drawn
tube and pipe, forgings

AL ey - D -

. Clad 3003 Mn, 1.25% Cu, 0.20 Plate, sheet, drawn tube,
and plpe

3004 Mn, 1.20 Mg, 1.00 Plate, sheet, drawn tube,
and pipe

Clad 3004  Mn, 1.20 Mg, 1,001 Plate, sheet
. 5052 Mg, 2.50 Cr, 0.25 Plate, sheet, wire, rod,
: , bar, drawn tube, and

k- : pipe

- 6053 S1, 0.70 Mg, 1.30 Rivets
3 Cr, 0.25 : t
6061 Cu, 0.25 Si, 0.60 Plate, sheet, wire, rod, i
- Mg, 1.00 bar, rolled shapes, i
Cr, 0.25 extruded shapes, drawn ‘ ’
’ tube, and pipe 1

6063 Si, 0.40 Mg, 0.70 Extruded shapes, drawn

tube, and pipe

43 Si, 5.00 Castings , i
355 Cu, 1.30 8i, 5.00 Castings :
Mg, 0.50 1
356 Si, 7.00 Mg, 0.30 Castings 3
2017 Cu, 4,00 Mn, 0,50 Wire, rod, bar §
Mg, 0.50
1100 Commercially pure Plate, sheet, wire, rod,
aluminum bar, rivets, forgings, i
forging stock, impact
extrusions

Properties of Clad 3003 and Clad 3004 are substantially
the same as 2703 and 3004, respectively,
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Table 5-4
Aluminum Alloy Applications

1

Siding and roofing

Gutters and downspouts

Bullding facades

Door and window frames

Alreraft skin

Ventlilation ducts

Heat exchangers

Boats and ships

Water-storage tanks

Cooking utensils

Canning equipment and cans
Piping

Underground chemicals

Above- and on-grade storage tanks
Reinforcing for fiber glass
Electrical conductors and cables
Transmission towers

Shielding inside communication cables
Lamp poles

1 Also used extensively in chemical, ruvber, soap, brewery,
dairy, food, explosive, and paint 1ndustries, and for various
electrical applications.

5.3.2,6 Copper and Alloys. Copper is an excellent ma-
terial for many appllcatlions because 1t 18 relatlvely noble
in many environments, it exhibits good electrical and ther-
mal conductivity, and it 1s easlly formable and strong. Be-
cause hydrogen evolution does not play a role in most cor-
rosion of copper, this metal 1s resistant to attack by acids.
However, 1f oxidizing agents are present, corrosion will oc-
cur, Copper 1s subject to stress corrosion in alkaline en-
vironments., Copper is8 often used for pipes and contalners
for corrosive solutions, and for tubing for gas, oill, and
water, Copper ground rods are used extensively in utilities
services, Roofing, gutters, waterspouts, water piping, air
conditioning, store fronts, and screens made of copper are
permanent as well as pleasing in appearance. Perhaps the
most obvious use of copper is for electrical cable and con-
ductors, because of 1ts good electrical conductivity.

Copper alloys have inherently good resistance to corrosion.
They are used widely in chemical processing particularly

when heat and electrical conductivity are required. They
often form films of insoluble corrosion products, which ef-
fectively protect the base metal, In some cases, an alloy
that 1s highly resistant in stagnant solution may be attacked
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by turbulent solution. Oxygen or oxidizing agents generall&
accelerate corrosion of copper alloys. Composition of cop-
peg alloys is given 1in Table 5-5 and applications in Table
5-0

S——

Copper alloys are resistant to most organic solvents such as
acetates, alcohols, aldehydes, ketones, petroleum solvents,
and others. Organic acids in aqueous solution may eontact
most copper alloys, but corrosion is not accelerated when
alr is present. Special brasses and brasses containing a
minimum of 85 percent copper are moderately resistant to
nonoxidizing acilds.

Copper alloys are also resistant to attack by pure steam.
Steam contalning carbon diloxide, oxygen, and ammonia is not L
corrosive but condensate containing these elements 1s corros- I
ive, particularly to brasses that are -high in zinc content. —

Often copper exhibits corrosion resistance at least partially
because of cathodic protection received from other metals 1t
contacts. This 1s especially common with ferrous metals, re-
sulting in a galvanic cell with iron or steel corroding to
protect copper. In such cases, copper actually corrodes the
other metal. It may be necessary to coat the copper to les-
sen this problem, especially when the copper area is large
relative to the anodic ferrous metal (area effect).

Another problem encountered with copper 1s corrosion of 3
buried tubing (utility service lines, etc.) by delcing salts ?
and fertilizers in soll (paragraph 4,15,1.1). :

Copper and brasses are subject to cavitatlon and impingement
corrosion. Above a critical water velocity of about 4 to 5
feet per second, copper water tubing may faill easily from
this problem.

Binary copper-z*nc alioys with less than 85 percent copper
. may be rapldly attacked by dezincification. Moist carbon . -
dioxide 1is corrosive to brasses high in zinc; in contact i
B with other copper alloys, however, 1t is generally noncorros- !
k- . ive, Moist chlorine gas and ammonia are corrosive to all i
copper alloys., Unless chloride hydrocarbons, such as carbon :
tetrachloride and trichloroethylene, are stabilized to assure
neutrality, they are somewhat corrosive to copper alloys at
the bolling point and 1n the presence of moisture, Alloys
with more than 65 percent copper should not be used with wet
gas under pressure, Sulfides are more corrosive to alloys
high in copper than to brasses such as yellow brass, Muntz
metal, Admiralty, or Tobin bronze. Copper alloys should not ‘
be used with oxidizing acids. ' : i

137

S R e AN R




Table 5-5

COmposition of Common Copper Alloys

Alloz

Brass, aluminum

Brass, naval
Brass, red

Brass (arsenical

admiralty)

Brass {Muntz metal)
Bronze, aluminum
Bronze,phosphor
Copper, Silicon

Cupro-nickel

Industry

Breving
Distilling

0il refining

Pulp and paper

Salt

Sugar

Composition, percent

Cu,76  2n,21,96  Al,2 As,0,04
Cu,60 Zn,39.25 Sn,0.75

cu,85  Zn,15

Cu, 70 Zn,28.96 Sn,1 As,0.04

Cu,60  2n,40

Gas cooler
tubes
Condenser and
heat-exchang-
er tubes

Tube sheets

Water piping
Stock lines

Wire-Fourdri-
nier screens

Slotted screen

plates
Tubes for
vacuum pans
Evaporator
tubes
Calandrias,
syrup tanks,
mixers
Heat exchan-
ger tubes
Tube sheetc

- Cu, 95 Al,

Cu,95.75 Sn, P,0.25
Cu,95.8 81,3.1 Mn,1.1
Cu, 80 Ni,20

Table 5-6

Applications of Copper Alloys

Equipment Metals Used
Piping Copper, red brass
Piping Copper, red brass
Condensers Copper, arsenical

admiralty
Arsenical admiralty

Arsenical admiralty,
cupro-nickel, aluminum
brass, red brass

Muntz metal, naval brass,
cupro-nickel, aluminum
bronze

Copper, red brass

Copper, copper-silicon

Brass, phosphor bronze

Phosphor bronze, alumi-
num brass

Copper, arsenical admir-
alty, cupro-nickel
Copper, red brass, arsen-
ical admiralty
Copper-silicon

Arsenical admiralty

Naval Lrass




5.3.2.7 Magnesium and Alloys, Magnesium finds applica-
mainly because %E Is extremely %Ightweight but strong when
alloyed, Magnesium is also anodic to most metals and there-
fore subjJect to galvanic corrosion. Impuritles in the metal
(such as iron, copper or nickel) serve as cathodes causing
magnesium to corrode. Addition of small amounts of mangan-
ese, Zzinc and aluminum tend to offset some harm caused by
these impuritiles.

Magnesium forms a protective oxide film in atmosphere. This
supplies good corrosion resistance where salt ls not present.
Alloys are susceptible to erosion corrosion, pltting and
stress corrosion, and are attacked by most acids. Magnesium
is resistant to hydrofluoric acid, however, due to a protec-
tive layer of corrosion product which forms.

Magnesium 1is utilized in aircraft and aerospace applications,
luggage, and portable equipment because of 1ts light weight.
This metal also finds application because of 1ts anodic
properties as galvanic anodes for cathodic protection
(Section 7) and in batteries. Magnesium as galvanic soil
anodes requires low-resistance backfill to obtain higher
current output. These anodes will generally work in most
solls even 1f not backfilled. However, backfilling assures
more even and higher current output. Unalloyed magnesium is
never used for anode materials, Various alloys are avail-
able for this purpose, depending on specific properties re-
quired of the anode.

5.3.2.8 lLead and Alloys. Iead is passive to man, en-
vironments, particularly aclds., It is used extensively for
cable sheaths, pipes, and lining tanks and vessels for cor-
rosive solutlons., Iead and its alloys are widely used in

cladding equipment for production, transmission, transporta-
tion, and storage of a varlety of corrosive chemicals.

Corrosion resistance of lead and its alloys stems from a
thin coating that forms on 1ts surface. If the coating is
one of highly-insoluble salts, such as the sulfate, carbor-
ate, or phosphate, resistance to corrosion is high and the
environment generally promotes self-healing when mechanical
injury occurs to the film., Conversely, when a soluble film
such as nltrate, acetate, or chloride forms, little protec-
tion 1s afforded, and the lead may corrode further. Like-
wise, 1f insoluble protective coatings are removed mechan-
lcally, for example, by abrasion or erosion, or i1f dissolved
chemically, as in some forms of mixed corrosion, corrosion
resistance 1s similarly reduced.

Chemical lead, acid lead, and copper lead are usually spec-
ified for chemical construction. Small amounts of silver
and copper in such leads add to corrosion resistance of
lead and improve creep and fatigue resistance.
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Lead alloys with about 1 percent antimony and a small amount
. of tin have been used on electric power cables and tele-~
phone cables as sheath, ILead-antimony alloy of about 4 per-
cent antimony 1s used as cladding for steel straps. Anti-
‘mony adds strength to lead, but the strength greatly de-
creases with temperature., Iead cable sheaths are used
elther bare or coated, commonly with coal tar compounds and
Jute wrapper, They are frequently grounded or shielded from
external noise and physical damage with copper, steel, or
combinations of these, Such shielding or grounding may pre-
sent problems with galvanic corrosion., Lead cables may be
direct burial (buried) or placed in ducts (underground{.
Cathodic protection can be effective to mitigate corrosion
of lead, but care must be taken to avoid excess current,
Lead 1s amphoteric, and high current gives rise to alkaline
conditions which are therefore corrosive. Stray current
corroslion can be a serious problem with lead because the
metal corrodes at a rate of about 75 pounds per ampere year
(compared to 20 pounds per ampere year for ferrous metals).

5.3.2.9 Zinc and Alloys. Prime uses for zinc in cor-
rosion control are as sacrificilal coatings (galvanizing),
galvanic anodes for cathodic protection, and as pigments to
corrosion resistant paints. 2Zinc 1itself is not corrosion
resistant., If the metal or 1ts alloys are used in other
applications, 1t 1s generally because of low-melting points
for die casting; however, these castings are then usually
coated with more-resistant metal.

Zinc readily passivates in soll or water containing carbon-
ates, so use of a backfill is required for zZinc anodes. It
is also important to test the proposed environment for car-
bonates prior to use, as 1t may be impossible to use zinc
at all.

5.3.2.10 Nickel and Alloys. Nickel and its alloys are
prime engineerIng materials because of corrosion resistance,

high strength and hardness properties, and ductility over a
wide temperature range. Nickel imparts stress corrosion
resistance to its alloys, and nickel alloys are highly resis-
tant to alkaline solutions. Nickel and its alloys are at-
tacked by strong oxidizing agents and sulfur-bearing, hot
gases, Important alloys are discussed individually.

a. Chlorimets, Chlorimets contain about 60 percent
nickel, plus chromium and molybdenum in major concentra-
tions, They are extremely corrosion resistant and used for
such applications as sulfuric acid solutions. The cost
factor can be limiting, but they are used frequently none-
theless,

b. Hastelloys, Hastelloys are used under extreme
corrosive conditions, They arc expennive, ycet economical
in many situations encountercd ln the chemlcal process indus-
try. High temperature propcrtlcc arc jrood., Composition and
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applications of Hastelloys B, C, and D are given in Table
5‘70 .

Hastelloy B 1s nickel-molybdenum-iron alloy developed to re-
sist certaln severe corrosive conditions. It has good high
temperature properties and is particularly well-sulted for
eqQuipment that comes in contact with hydrochloric acld at
all concentrations and temperatures and hydrogen chloride
gas., It also has good corrosion resistance to sulfuric and
phosphoric acids., Strong oxldizing agents should be
avolded., Hastelloy B 18 simllar to austenltic stainless
steel in its working properties and microstructure. Full
annealing of a fabricated vessel is recommended prior to
service in severely corrosive environments,

Hastelloy C has excellent resistance to a wide variety of
corrosives, It retalns, to a large extent, the resistance
of nickel-molybdenum alloys to nonoxidizing agents, whereas
chromium provides general resistance to oxidizing agents.
Hastelloy C 1is machinable and can be fabricated ty most
methods. It has high room temperature ductility and good
weldability. To assure optimum corrosion resistance, fin-
ished units should be fully annealed to relieve stresses
and dissolve all constituents except primary carbides,
Annealing should be followed by rapid quenching in water or
cooling in air. Hastelloy C is widely used when extremely
hot strength 1s the primary requirement, as well as when
high temperatures are combined with corrosive conditions.

Hastelloy D 18 most widely kmown for exceptional resistance
to sulfuric acids of all concentrations and temperatures

even up to the bolling point. The alloy also has good resis-
tance to other corrosives, including phosphoric acid, organ-
ic acids and acld salts. It has high strength, good resis-
tance to thermal shock, good abrasion resistance, and 1is
somewhat difficult to machine, It is available only in

cast form,




: . Composition and Application of Hastelloys
M mxuon -_percent ml_;oation
,lo, 16-18 ,» 15,5-17.5 Beat exchangers for
Pe, U4.5-7 H '3, 75-“.75 cooling aluminum °

L c C, 0.15 max, m 1,0 max, chloride, hydro-

o - 8%, 1,0 max, P, ’0.04 max. chloric acid streams

- N, balanee with sea water, .

: Valves, piping, and

: vessels for handling

! chlorine gas, wet
— and dry.

il B Mo, 26-30 Cr, 1.0 max. Equipment for alkyla-

N - Pe, Ub-7 C, 0.12 max, tion of benzene to
X Mn, 1.0 max, 83, 1.0 max, . ethyl benzene. Iin-

E Ni, balance ) ing for isomeriza- :

% tion towers in pro- L

- duction of aviaticr L, 8
- gasoline, £, A
7z D Cr, 1.0 max. Pe, 1.0 max., Heating tubes 1in
| c, 0,12 max. Mn, 0.80-1.25 iimonson-Mantius
® 81, 8. 50-10.0 Cu, 3.85-#.25 sulfuric acid con-

& Ni, balance centrators and

E chemico-type con-

£ centrators. Check

g valves for handling
.7 yield from corrosive
3 and sandy oil wells.
% Pumps handling .
= sludge containing

3 sulfuric acid.
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¢. Monel. Monel is probably the most important cop-
per-nickel alloy. It contains 67 percent nickel, 30 percent
copper and 1s stronger than nickel, It 1s more resistant
than nickel under reducing conditions and more resistant
than copper under oxidlzing conditions. Applications of
Monel are given in Table 5-8.

Corrosion of Monel 1s practically nil in all concentrations
of air-free sulfuric acid up to about 80 percent. Even in
air-saturated acid below 80 percent, maximum corrosion is
only 0.04 inch per year. Monel is second only to silver in
resistance to hydrofluoric acid. 1Its use 18 not recom-
mended, however, with oxidizing aclds. Monel is available
in casting, forgings, hot rolled bars, and sheets.

Table 2-8
Applications of Monel
Application Materials and becesses
Equipment Salts, by-product coke and

gas industry, organic chlor-
inations, sugar manufacture,
plastics, oil sulfonation,
and rubber synthesis

Distillation Fatty acids

Evaporators Black liquor (tubes), zinc
' chloride (colils, tubes),
aluminum sulfate

Fans, similar uses Phosphoric acid (by phosphorus
vaporization)
Gas filters Ammonia oxidation
Preheaters, regenerators, Manufacture of avgas by HF
strippers : alkylation
Screening, treatment, Pulp stocks

washing, handling

Turbine blades, valve trim, Steam service (700°F to 800°F)
plates

Valve trim, orifice plates Chlorine service
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d. Inconel. Inconel 1s an alloy that has the follow-
composition:. Ni, 77 percent; Cu, 0.2 percent; Fe, 7-percent;
Cr, 15 percent; 51,0.25 percent; Mn, 0.25 percent; C, 0.6
percent; and S, 0,007 percent. Inconel retains considerable
resistance under reducing conditions. 1In strong oxidizing
solutions it 1is practically free from attack because of the
tendency of chromium to become passive by covering itself
with a protective layer of oxide. When heated in air, the
alloy resists progressive oxidation to about 2000°F. Such
outstanding resistance to oxidation is supplemented by ex-

cellent creep characteristics. Applications of Inconel are
given in Table 5-9, ‘

Table 5-9
Inconel Applications

gxpe of Application Materials Being Handled
vaporators oncentration o magnesium

chloride (tubes)

Fermentation tanks Processing of penicillin chloro-
myvcetin
Heaters Sulfate digester liquor
Lined towers Fat-splitting by continuous high-
. - pressure high-temperature
hydrolysis

5.3.2.11 Tin and Alloys. Tin's major use is as a pro-
tective coating Tor steel 1In "tin cans" containing food
products. Normally cathodic to steel, in this application,
potentials reverse, and tin becomes a sacrificilal coating.
Tin is a weak metal, soft and easily formed. Tin 1is some-
what resistant to atmospherlic corrosion and is not attacked
by distilled waters.

Tin is used for cans in paint, beverage, and petroleum in-
dustries as well as for food products., This metal is also
used for handling distilled water, for medlcants, and in
solder. Tin foll i1s more expensive than aluminum foll and
has been replaced by the latter for most applications,

5.3.2.12 OQther Metals.

a. Titanlum and Titanium Alloys. Titanlum alloys are
used for high corrosion resistance and high strength-to-
Wweight ratio at temperatures up to 800°F. Titanium is immune
to salt air and salt-water corrosion, It can be heated up to
1000°F, without impairing its properties by oxygen penetra-
tion. At elevated temperatures, it will react with fluorilne,
chlorine and 1odine. It also reduces all known oxides.

The iodine reaction is reversible, permitting production of
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high-purity metal by dissociation of titanium iodide on a
hot. VP ament.,  Hivdraoren ohloelde renets at hipgh temperatneon
|A»'WWMIL‘LHH‘HN toetasiehibortde,

Improved manufacturing technlgues and lowered costs arc mak-
ing titanlium more competitive,

b. Tantalum, Tantalum is a high-priced metal which
can be used in thin sheets to reduce costs., It resembles
glass in chemical propertiles, and often 1s used to repair
glass-lined equipment. This metal is highly corrosion resis-
tant in most environments. It 1s attacked by alkaline solu-
tions, and hydrofluoric acid and is subject to hydrogen em-
brittlement, Tantalum is used mainly in heat-transfer equip-
ment. :
¢. Zirconium., Zirconium 1s resistant to most acilds
and alkalies, Practically inert at temperatures up to 390°
F, it can be used at temperatures as high as LOOO°F under
oxidizing conditions. Impurities such as aluminum, carbon,
and nitrogen Impalr corrosion resistance, Zirconium is sub-
Ject to hydrogen embrittlement and rapid attack in high tem-
perature waters. Zirconium 1is used for crucibles and tubes,
plates, and other shapes, and in hydrochloric acid handling.

d. Columbium, Columbium 1s corrosion resistant to
many environments at ordinary temperatures; corrosion rate
1s increased greatly at temperatures above 210°F., When
added in small amounts to chrome steel, columbium will pre-
vent intergranular corrosion. The amount of columbium re-

quired to prevent completely the intergranular attack should

be about ten times the carbon content of steel.

e. Cadmium. Cadmlium finds application mainly as an
electroplated coating. Cadmium lmparts resistance to cor-
rosion fatigue to high-strength steels; this is important
in aireraft., Cadmium 1s generally less effective than zinc
as a sacrificial coating, and more expensive.

f. Noble Metals, Gold, platinum, and silver have
excellent corrosion resistance but are prohibitively expen-
sive, They are, however, used in industry and, of course,
for Jewelry. Often noble metals provide coatings for less
expensive, stronger metals.

Gold 1s sometimes used 1n subminlature electronic assemblies
where a bulldup of corrosion product would affect the pre-
cise size and electrical behavior of the part. This metal
1s attacked by strong oxidizing agents such as aqua regia,
and by chlorine, bromlne, and mercury.

Platinum 1s frequently used as an anode, sometimes as a sur-
face layer on titanium or tantalum. Platinized platinum
makes a good auxllliary electrode for.laboratory measure-
ments requiring reproducibility. It 1s attacked by aqua
regia, chlorine, bromine, and ferric chlorides.
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Silver 1s used in electrical work where even slight corros-
ion of other metals would cause probléms. Silver oxide, un-
like the oxides of most metals, including copper, conducts
electricity. Consequently, silver, corroded slightly, is
8t11l1 electrically sound and is dependable for rugged ser-
vice like switches., Silver is attacked by strong acids and

mercury and it will "tarnish" in air containing sulfur com-
pounds,

5.3.3 Non-Metals.

5.3.3.1 Materials, Materials other than metals are
used in corrosive environments. In many instances,
strength and corrosion resistance are superior to metals,
and the costs may be less,

a, Plastics. Plastics have become important mater-
1als of construction. The specific use of a plastic depends
on 1ts chemical, physical, and electrical properties.
Plastics are used extensively in the chemical industry for
handling corrosive liquids, Tanks, vats, kettles, pipes,
and pump parts made of plastics are examples of their appli-
catlon in contact with corrosive environments. To cite an
example of thelr application to insulation, plastics are
used extensively as cable jackets, Some Jackets are applied
over lead-sheath cables to protect lead rrom corrosion.
Iead-sheath in this case 1s used to exclude moisture, and
plastic 1s used to 1solate the lead-sheath from a corrosive
environment.,

Plastic is deflined as a synthetic organic solid material
whose chlef component 18 a resinous binder., At some stage
in its production, the binder is either plastic (capable of
being shaped or extruded) or 1liquid (capable of being cast
or otherwise made into the solid material) and, at some sub-
sequent stage, 1t assumes a more or less rigid condition.
Most plastics are produced synthetically, because they do
not occur naturally. Processes such as condensation and
polymerization yleld plastics for practical usage.

Plastics are generally softer and weaker than metals. They
have a lower temperature range and are easlly melted. They
are more resistant than most metals to substances such as
chlorides but less resistant to solvents and oxidizing
acids, Plastics do not corrode electrochemically like
metals, Instead, they deteriorate and change properties by
growing soft or hard, losing strength, or spalling and dis-
coloring., Properties of plastics can be altered desirably
with filleras, planticizers, and hardeners,

MeeGhpnts o foabreeteat tony e Cone prbaaat ey Ve bonle v Yo,
cxbeanton, ecalendertae, mold oy, and Pt nnab lens, Laam s bl
plastics iwee usually made trom shecls ot paper, clobh, or
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wood impregnated with suitable resin, usually a phenolic,

urea, or polyester type. Sheets are plled on one another

to glve the required thickness and then heated and pressed
together,

Plastics are divided into thermosets (thermally reacting
chemically to produce their final state), and thermoplastics
(softened by heat but not depolymerizing on heating). Cur-
rently, thermoplastics are enjJoying the greatest popularity
in industrial and utilitles applications.

(1) Thermoplastics, Thermoplastics are character-
ized by their ability to be reworked; they soften at in-
creased temperatures and regain hardness upon cooling,
Primary thermoplastics, employed as englneering materials,
are described here, ,

(a) Polyethylene. Polyethylene currently mekes
up the greatest tonnage of all plastics produced. This
plastic has excellent resistance to molsture. At ordinary
temperatures, 1t has good resistance to both chemical and
solvents and also to heat. By incorporating sultable pig-
ments, it i1s resistant to ultraviolet light. High-molecular
weight polyethylenes are fungl-resistant and have good elec-
trical properties, At elevated temperatures, polyethylene
is subject to thermal oxidation and, when exposed to light,
it 1is subject to photo-oxidation. It 1s also subJect to
radial stress cracking. Two common types of derivatives of
polyethylene are chlorosulfonated polyethylene and polymono-
chlorotrifluorocethylene. The derivatives are similar to
polyethylene except that they are more polar; therefore,
they have superior adherence and heat resistance.

g Polyethylene has a wide variety of uses, It is commonly
45 , used for plping water and many chemicals, This plastic also
2 1s marketed for many household uses; ice trays and contalners
of all kinds are common,
(b Fluorocarbons., At present, there are two
popular fl?oroethylene resins, polytetrafluoroethylene o
(Teflon) and polymonochlorotrifluoroethylene (Kel-F)( ),
They are the most chemically resistant of the organic poly-
mers and have excellent heat reslistance. Kel-F has good
heat resistance at 390°F; Teflon has good heat resistance
° at 500°F. Both have good properties at low temperatures,
They are unaffected by sunlight, acids, and alkalies, Tef-
lon 1s not attacked by organic solvents, but Kel-F swells
8lightly under influence of halogenated compounds. They are
non-flammable, nonadsorptive to water and are resistant to
fungl. They have excellent electrical properties. These
resins are used for piping, handling corrosive liquids, and
electrical insulation for high heat resistance. They are
also used as a gasket materlial where corrosion and heat are
encountered, as insulations of wiring in transformers, and
as linings for tanks and vessels for handling corrosive
liquids,
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(1) Tradename of E.I. DuPont de Nemours & Co., Inc.,
Wilmington, Delaware, :
(2) Tradename of 3M Company, St. Paul, Minnesota.

(¢) Radiation Cross-Linked Plastics, Two radia-
tion cross-linked plastics nave tound use as cable insulation
in severe envircnments. 1In deep groundbeds, where gaseous
reaction products tend to build up and react with traditional
cable insulatlons, radlation cross-linked plastics have
proven more effective. In particular, radiation cross-linked
polyalkene and radlation cross-linked polyvinylidene fluoride
are used for this purpose.

(d) Polypropylene. Polypropylene is lightweilght
and exhlbits heat and corrosion resistance superior to poly-
ethylene. This plastic retains strength at elevated temper-
atures to a greater extent than many thermoplastics. How-
ever, at low temperatures, it fails on impact more easily.
Polypropylene 1s used for pipe, valves, fittings, containers
that will be heated, and rope,

(e) Rigid Polyvinylchloride (P.V.C.). This plas-
. tic 1s fungi-resistant. It has high resistance to acids,
alkalies, and alcohols, but is subject to light and heat de-
terloration. Without plasticizers, it is hard and makes a
good durable material. When plasticized, it has a wide range
of flexibility. Polyvinylchloride has very good electrical
insulating properties and is used extensirely as an insulat-
ing tape and as a protective covering in corrosive environ-
ments, It 1s also used for tubing, ailr ducts, and tanks con-
taining corrosive liquids, and as a plastic paint, sheeting,
and covering,

(f) Polystyrene. This plastic has some outstand-
ing features: hilgh refractive index, low specific gravity,
good electrical propertles, and resistance to water and chem-
icals, Modifications have been made to improve temperature-
distortion characteristics, It 1s more brittle than most
other thermoplastlc materlials; 1s soluble in esters, ketones,
aromatlic hydrocarbons, and carbon tetrachloride; and is sub-
Ject to fungi attack. Polystyrene 1is inexpensive, It shows
good resistance to attack by hydrofluoric acid. It is extru-
ded and molded for light structural items of limited heat
resistance to 100°C and 1s used for piping when polymerized
with esters, as cast optical parts, and in electronic com-
ponents, It 1s usually reinforced and laminated.

(g) Chlorinated Polyether. A relatively new
plastic, chlorinated polyether i1s used in many corrosive en-
vironments, for coatings and linings and also for pipe and
valves, It exhlbits good corroslion resistance even to aggres-
sive environments.

(h) Acrylics. The most important acrylic resin is
methyl methacrylate. It has excellent optical properties,
dimension stability, resistance to outdoor weathering, and
chemical resistance., Heat-resistant formulations are avall-

able that can tolerate boiling water without distortion,
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Methyl methacrylate is fungl-resistant, and, with some plas-
ticizers, it has good resistance to bacteria and inse:ts.

It has good physical propertiles, but will degrade above

220°C by becoming unstable, It is used for structural sheets,
clear plastlic domes for alrcraft, windows, instrument covers,
optical parts, coatings, electronic components, water-dis-
persed water paints, and rigid piping. It is the principal
resin in many clear plastic coatings.

(i% Polyamides (Nylon). These resins vary in com-
position and form; some are rigid and others are seml-flexi-
ble. They are practically inert to alkalies, organic acids,
and most solvents; they have an extremely slow burning rate
and are self-extinguishing. Tough and resistant to abrasion,
they have good resistance to fungl and moderate resistance to
mineral acids. However, they will rapidly disintegrate in
cold, concentrated nitric acid and will absorb water, result-
ing in dimensional instabllity. They readily oxidize at high
temperatures., At normal temperatures, oxygen, ozone, and
sunlight have some degradation effect. Polyamide resins are
used as electronic components, bearing materials, and nylon
rope, as well as protective brald cover over insulated wire
and power cables,

(J) Vinyls. Commonly-used v1n¥13 are co-polymers
of vinylchloride and vinylacetate, Saran 3 , & vinyl often
used, i1s mainly vinyladenechloride. These materilals are
used for tubing, pipe, phonograph records, fibers, and insu-
lation.

(k) Acrylonitrile Butadiene Styrene (ABS)., Use
of ABS in industry 1s declining. It has been used for gen-
eral oll fleld applications including pipe. ' This material
is strong and tough, and heat stable, It 1s generally zor-
rosion resilstant, but cannot be used for handling most
organic solvents.

(1) Cellulose Acetatebytyrate (CAB). CAB is one
of the original plastics used industrially, but its use has
declined greatly. Thils plastlc has low molsture absorption
and will resist weak aclds, salt solutions, and aliphatic
hydrocarbons, . It is subJect to swelling in alcohol and
aromatic hydrocarbons and will dissolve in some esters,
ketones, and chlorinated hydrocarbons, It has falr resis-
tance to aclds and alkalies, weathering, and aging. Such
plastics have high impact strength and are tough; however,
they may have a noticeable odor. Industrlally, however,
they were used extensively as pipe below grade for water
and gas, They are made 1nto flexible sheeting and are also
used as coatings. ,

(3) Tradename of Dow Chemical dompany, Midland, Michigan.
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(2) Thermosets. Thermosets harden upon heating and

remain hard when cooled. They cannot generally be reworked li
once set, because they undergo a non-reversible change in 1
forming.

(a) Phenolics. Phenolics were one of the first
plastics widely used as engineering materials. Usually they
are derived from phenol formaldehyde, but other compounds
are also used. Phenolformaldehyde resins as a class are
fairly resistant to chemicals, fungi, heat, and light, They
1 are not completely resistant to weathering for long periods.

They can be molded, extruded, or-laminated and are used as
piping, electrical switch panels, switch handles, plates, *
pulleys, and insulation. 3
(b) Epoxy. These resins were first produced k-
chemlcally during 1950 by reaction of bisphenol and epichlo- 3
rohydrin. Resins in the uncured state are thermoplastic and
range from low viscoslty liquids to high meiting point
solids. Hardenlng of epoxy resin is accomplished by reac-
-tion with a curing agent at room or elevated temperatnres,
Aminers, aclds, and other resins are commonly-employed hard-
eners, Epoxy resins have excellent adhesion to metals, cer-
amlcs, glass, certaln plastics, and wood, leading to their
use as adhesives. The resins are used as surface coatings
because of thelr wetting of, and adhesion to, a wide variety
of different types of sur;aces and due to thelr excellent -
resistance to many aclds, most alkalles, and solvents. In 3
combination with coal-tar coatings, the paint retains the i
excellent qualitles of coal-tar coatings with the abrasion i3
resistance and hardness of epoxy resins. {
(c) Ureaformaldehyde. These resins have moderate i
resistance to weather, acids, alkalies, common solvents, '
greases, oils, and hydrocarbon solvents. The molded resin
is more resistant chemically than the laminated type, which
contains fillers of cloth fabric or paper. It will absordb
water to 1 to 2 percent. The laminated resin is used for
table and counter tops. It is brittle, but cheap. A coal-
tar urethane coating has been developed which has most qual-
ities of urea.resins and coal~tar coatings.
(d) Polyesters. Polyesters have a wide range of -
[ uses as reinforced materlial. They can be made as elasto-
E
E

¢

mers or rigid materlals. They have fair abrasion resist-
ance and are also resistant to most acids, bases, salts, and .
solvents, These resins are used as structural materlal when
reinforced with glass cloth, They are also used for plping,
fume ducts, hoods, large electronic components and boats,
(e) Silicon. The silicon resins are different
from other plastics because they are based on a non-organic
material - silicon. These resins can be used at high tem-
peratures and have a neglligible burning rate. They have low
water absorption and are inert to fungl. They are slightly
affected by weak acids and are resistant to oxygen over a
wide range of temperatures. They have poor reslstance to
weak alkalles and are attacked by some aromatic solvents.
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Silicon resins are made in liquid or solid forms and are
used as rigid tubing for handling acids, particularly at
high temperatures. They are used as corrosion-resistant
coatings, and as electrical insulation on wires,

(f) Reinforced Plastics. Reinforced plastics are
a wildely used englneering material. They generally consist
of thermoset plastic with cloth, wood, metal, or fibers such
as fiber glass embedded therein. Such reinforcing gives the
materlal tenslle strength, while allowing the resin to re-
tain 1ts light weight. Fiber glass reinforced plastic (FRP)
1s often used for pipe, tanks and sheet (Figure 5-1) and has
proven both strong and corrosion resistant.

b. Rubber and Synthetic Rubber. Natural and synthet-
ic rubbers are not only very resilient, but they have other
qualities useful 1n englneering materials. They are good
insulators and exhibit chemical and abrasion resistance.

In general, natural rubber i1s less corrosion resistant than
synthetic, but has superlor mechanical properties.

(1) Natural Rubber. Natural rubber is subject to
deterioration by sunlight and 1s, therefore, compounded to
prevent oxldation. A good rubber compound is highly resis-
tant to chemicals, molstures, and serious fungl growth; but
will deteriorate in alkalies, olls, fats, and ozone. Sever-
al natural rubbers are caoutchouc, Heava, and Guayule. They
are used as a flexlible cushioning material and for tires,
tubing, gasketing materilals, sheeting, lining, and footwear,
They are also used in surglcal apparatus., ' -

(2) Synthetic Rubber. A number of synthetic rub-
bers are available, each having properties dependent on
additives or chemical makeup. Some are combined with plas-
tices to vary avallable properties.

Butadiene styrene copolymer (GR-S) 1s among the most wldely-
used synthetlc rubbers. Varlieties of this product are desig-
nated as Buna-3, Butaprene-S, Chemigum, Hycer-0S, and Nubun.
Chemical resistance is similar to that of natural rubber.
Such synthetic rubbers have greater bilological resistance
than natural rubber and have good resistance to aging.

They are not immune to fungl and are subject to cracking on
prolonged exposure to sunlight, They are used as electrical
insulating material on wires and cables, and as binders in
water-dispersed latex paint for inside use.

Isobutylene-diolefin copolymers (Butyl rubber or GR-I) can
be vulcanized and are chemically inert. For many purposes,
they are superior to natural rubbers. They are resistant
to molsture, oxygen, ozone, and fungl, and have good abras-
ion resistance. They are also impervious to gases. They
are used as weather-resistant covering over insulating rub-
bers; as tire walls; gaskets, where relatively high temper-
atures are involved; hose coverings; and linings. They are
also used in insulating compounds.
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Figure 5-1
TYPICAL FIBERGLASS UNDERGROUND TANK

Neoprene (GR-N) was first developed in the early 1930's and
came into prominence during World War II when natural rubber
was held by the enemy. It is useful for handling strong
sodium hydroxide and 1is reslstant to aging, sunlight, heat,
ozone, many chemicals, oils, and gasoline. It 1is used as
linings for handling chemicals, olls, and gasoline; belting
in contact with coal; electrical insulating material for
wire and cable; and as malntenance paints that have good
chemical resistance.

Nitrile rubbers (Buna-N), like neoprene, are resistant to
olls and gasoline. In general, thelr chemical resistance

is not as good as some other synthetic rubbers. Buna-N type
rubber includes Perbunan, Hycar-OR, Chemigum-N, and Buta-
prene-N, Perbunen has good reslstance to aging and high
temperature., It remains flexlble at very low temperatures
and 18 used as gasket material in contact with oil, belting
in contact with coal, and tubing in contact with o0ll or hy-
drocarbons., It 18 also used as diaphragms for valves and

pump parts.

Organo-silicon rubbers (silicon rubbers) have good heat re-
sistance, retain elasticity at temperatures of 500°F and are
flexible down to -112°F, They have fair resistance to sun-
light and many chemicals, but are not resistant to gasoline

and many solvents. Their abrasive reslstance 1s poor, and

152

ERR R SRS

e oo




thelr tenslle and tear strengths are lower than for most
natural and synthetic rubbers. They are used as: gasket :
material over a wide range of temperatures; tubing; caulk- E,
ing compound; and electrical insulating material. '

In general, synthetlc rubbers are diverse in corrosion re-
sistance and other properties. Soft rubbers are generally
preferred for abrasion resistance. When rubbers fails as
a coating, often 1t is because it has become disbonded.
Other factors such ac elasticlty, temperature resistance,
and elongation should be examined when considering these
. materials,
¢c. Carbon and Graphite. Carbon and graphite show
good resistance to many corrosive environments, including
most acids and alkalies. Strong oxidizing acids and halo-
gens will attack these materials, however,

Carbon and graphite are very brittle and much weaker than
metals. Like metals, they exhibit good thermal and electri-
cal conductivity and find use at high temperatures. These

3 materlals are used as impressed current anodes, in nuclear

3 reactors, for pumps and heat exchangers.

2 d. Cement and Concrete. Cement and concrete are
general terms describing numerous materials and a wide range ;

of composition. Although cement compositions are fairly E
standardized, concrete specifications are far less rigid. F-
Concrete may contaln practically anything. Water, cement, o
and aggregate quality generally are location-dependent. |
The resulting properties also vary, Therefore, all applic-
able chemical properties should be known prior to use. For
example, it is 1lmportant to know pH of cement or concrete,
as normally a pH of 5.5 1s the lowest acceptable for engi-
neering use. In addition, the various components of con-
crete or cement - sand, water, aggregate materials, and
other additives - must follow strict specifications to pre-
vent serious corrosion and mechanlcal properties. !

Cement and concrete are not insulators. They will absordb ;
; molisture and, acting as electrolytes, conduct electricity." -
2 (This is a function of the material's density.) Corrosion !
: i of steel reinforcing bars in concrete 1s a consequence of !
. . . this; rebar corrosion is discussed in paragraphs 5.3.3.1.e-f. '
by ) Attempts to prevent this have been made with questionable
. success by applylng various coal-tar coatings to surfaces
in contact with corrosives, . !
(1) Asbestos Cement. Asbestos Cement is a mixture i
of Portland cement, fine fibers of asbestos, and water. 3
Composition varies from 8 to 15 percent asbestos and from
85 to 92 percent cement. Asbestos fiber glves asbestos-
cement higher tensile strength than concrete., It also has i
lower density. Consequently, less asbestos-cement is re- P
qQuired for a given purpose than concrete, and the result is : :

lighter in welght. The product is used for various purposes l
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including tiles, gutters and pipes.

As pipe, 1t is built up on a revolving mandrel and cured.
Pipe of this type is largely used for water mains in the
pressure range of 50 to 200 pounds per square inch. Con-
crete-encased asbestos-cement pipe is also used for ducts
for electric power cables and communication cables. If the
ground pressure is even and the backfill is not rocky, such
pipe will give years of satisfactory service in most envi-
ronments. Tests on asbestos-cement pipe that had been in
soll for 13 years showed an initial gain in strength for
several years as a result of continued slow curing taking
place. After 13 years, there was a moderate loss of
strength, but not to values below the usual specifications.
Both organic and inorganic acidity in soil are moderately
injurious to asbestos-cement pipe. It can be used with
reasonably long life in bay muck, blue clay, and other soils
highly corrosive to ferrous pipe.

e. Concrete. The grade of concrete termed "dense" is
used for many tank and pipeline applications in mildly cor-
rosive environments. For more destructive situations, con-
crete may be coated or lined. Concrete is composed of a
bulk of coarse aggregate with sand or another fine aggregate
£111ling voids. Watered cement bonds concrete together.
Properties of concrete depend mainly on the "mortar" made of
cement and fine aggregate.

Reinforced concrete contains steel bars embedded in 1it.
Concrete both protects bars from corrosion and helps them
to withstand any compressive stresses. If rebars do cor-
rode, problems arise. Rust occupiles 2.2 times the volume
of iron, and such expansions cause spalling and cracking of
concrete. Therefore, concrete quality must be good enough
to prevent moisture and air from contacting reinforcement.
Galvanlzed steel bars may also be used; zinc galvanizing
protects steel sacrificilally.

Admixtures or surface treatments may be used to alter prcp-
erties of concrete. Many treatments are available, and com-
binations provide many forms of concrete with greatly vary-
ing properties. -

Problems with concrete structures are encountered where
frost prevalils, in sea water, in sulfate-bearing environ-
ments, in acid solls and waters, with sugar waters.

Stray current causes corrosion of reinforced concrete, -
Current flows along rebars, leaving the surface through the
concrete electrolyte. Corrosion occurs at areas where cur-
rent leaves, producing voluminous rust products. Spalling
and cracking of concrete follows. This is made more serious
when chlorides and other soluble salts are in the environ-
ment but is less frequently observed in denser materials.
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Petroleum distillates fuel oils, sewage, and gases gZener-
ally do not seriously affect concrete. Concrete tanks and
pipes are often successfully used in this service.

f. Prestressed Concrete. Prestressed concrete is
reinforced concrete with rebars constructed from high
strength carbon steel under high tensile stress. This type
rebar is highly susceptible to stress corrosion cracking.
Hydrogen embrittiement is also a problem, especlally in
acidic environments., Sea water and soils or solutions con-
taining nitrates are environments to avoid.

- Stralning wires in prestressed concrete are often subject
to extreme damage by stray current because of the small
cross-section of metal., Calclum chloride, often used to
increase hardness of concrete, may intensify effects of
stray current and should, therefore, never be used in pre-
stressed concrete. It is felt that calcium chloride also
contributes to elongation and loss of strength of stressed
reinforcing bars,

g. Vitrified Clay (Structural). Vitrified clay pipe,
like asbestos-cement pilpe, may be selected in certain phases
of construction work to avoid corrosion problems. Vitrified
clay 1s similar to concrete in properties but chemically
more resistant. Vitrified clay 1s sultable for handling
acid salts, It 1s often used underground for the same pur-
pose as concrete plpe, primarily in non-pressure water ser-
vice and sewage lines. It 1s also widely used to handle
chemical and waste materials and may be made into ducts for
underground cable,

h, Glass., Glass is a useful materlal for many appli-
cations because of resistance to most corrosives and ease of
fabrication. Transparency 1s another property which makes
it useful for a variety of equipment requiring visual super-
vision. Glass 1s used for piping, pumps, stills, tanks,
and heat exchangers., Q@Glass fiber embedded in plastics has
already been discussed., These fibers are also used alone
in insulation and alr filters. Glass resists most corros-
ives; 1t 1s attacked by hydrofluoric acid and caustic
alkalies.

1. Miscellaneous Ceramics. The most important cera-
mics - concrete, glass and clay - have been discussed prev-
iously. Others, such as stoneware and porcelain, are also
used for construction. Every category of ceramics includes
a wide variety of compounds, dependent for their properties
on composition. Ceramics are baslcally made of metallic
and nonmetalllic components,

They are used most often 1n the chemical industry, because
they exhibit good resistance to most chemicals. Exceptions
are caustics and hydrofluoric acid. Ceramics withstand more
abrasion and higher temperatures than most metals, but are
‘'weak and brittle, To add strength, ceramics used for
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mechanical equipment such as pumps are often encased in
cast iron. ‘ '

: J. Wood. Wood is used for filter presses, tanks,
barrels, cooling towers and chemical equipment. This mater-
ial 1s limited in its applications; usually water, dilute
chemicals, and acetic acid are not destructive., Dilute
alkaline solutions are harmful, however, to woods in general.

Soft woods, containing much cellulose, are used with differ-
ent solutions than hardwoods, containing more 1lignin. Some
chemlicals attack only cellulose; some, only lignin. Pine,
oak, redwood, and cypress are woods usually employed as non-
building materials.

5.3.4 References to Codes and Regulations. Minimum
requirements Ior plpe are contalned %n TitIe 49, Parts 191
and 192 of the Federal Code of Regulations (Department of
Transportation), (adopted, 1969). These requirements are
included as Appendix E. of this manual. 1In general, the
code requires that pipe material remain stable for system
temperature and environment and that it is chemically com-
patible with materials being transported. Qualifications
for specific metals and plastics are noted also. This code

can be used as a guideline by the military for proposed
installations,

In additlon, State and local requirements may limit the use
of some materials (i.e. plastics) and should be considered.

5.3.5 Economics of Choosing a Material. Evaluation of
properties required of a materla or a specific application
will usually indicate several appropriate materials. Eco-
nomics may then be the final criterion irn material selection.

(See Section 2 for other criteria.) An analysis of econo-
mics of candidate materials will generally include:

Material costs
Pabrication costs
Installation costs
Maintenance costs
Return on investment

These costs apply not only to maﬁerials, but also to related
areas such as corrosion control requirements (paragraph 2.5).

5.4 COATINGS AND WRAPPERS FOR UNDERGROUND AND UNDERWATER,

5.4.1 Coatings. The oldest and most widely used corros-
ion remedy I8 coating. Structures are coated to minimize
the possibility of contact with surrounding corrosive media.
Most coatings do not completely cover any surface, but
greatly reduce exposed area so as to make complete corrosion
control feasible.
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With increased use of metal underground and underwater,
coating technology 1s important. The emphasis has been on
developing a "perfect" coating to eliminate effects of holi-
days on coated metal. 1In practice, perfect coating rarely,
if ever, exists, in spite of carefuylly controlled, automated
coating procedures and complete electrical holiday inspect-
lon. As a result, the combination of good dielectric coat-
ing supplemented with cathodlc protection is usually the
most economical and efficient method of underground or under-
water corrosion control.

Other coatings are often more effective than dielectrics for
use above grade, with chemicals or for other applications,
but dielectrics are the only long-term coatings effective
underground or underwater. Speclial problems are encountered
here which must be consldered in choosing proper coating.
Soll stresses from debris in backfill, non-uniform backfill
pressure, or changing molsture content of soil can damage
coating. TInaccessibility of burled or submerged structures
necessltates using coatings with long life and few mainten-
ance requirements; coating integrity should generally last
for the life of the structure. Inspection should not be
required to insure proper coating adhesion or integrity,
since this 1s generally infeasible. Coatings for burled or
submerged structures must be resistant to lmpact, both dur-
ing and after installation, to avold damage from accldental
contact or deformation. Where other work is belng done near-
by, the existence of a buried or submerged structure may not
be recognized untll it 1s physlcally contacted. Environ-
mental conditions must also be analysed prior to coating
selection, for some environments can easlily dissolve coat-
ings. Asphalt-base coatings, for example, should be avoilded
where gasoline permeates soll., Coatings for use inside pot-
able water storage tanks must be approved by the Food and
Drug Administration; standards of acceptance are often
changed and updated ones should be consulted. Likelihood

of future contaminants, such as delcing salts or chemicals,
must also be considered. Cholce of a specific coating de-
pends on these as well as other factors.

Coatings may be categorized in many ways. Here, they are
considered either conductive or insulating (dielectric).

5.4.1.1 Conductive. Conductive coatings are metal
coverings or claddings which protect base metal by two dif-
ferent processes, depending upon the position of the applied
metal in the electromotive series. When the applied metal
coating 1s more noble than the base metal, the coating will
be cathodic and not corrode in the environment. This type
1s referred to as cathodic coating and cladding. For exam-
ple, a thin layer of stainless steel over steel may increase
structure life in a given environment several times over
ordinary steel. Where applied metal 1s anodic to base metal,
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it may corrode to protec. the base metal. 1In such instances,
the applied metal reacts with the surrounding electrolyte to
provide cathodic protection. This type is referred to as

anodic coating and cladding. For example, a zinc coating on
steel will corrode to protect steel; an aluminum cladding on
an aluminum alloy will corrode to protect the aluminum alloy.

Structures that require ferrous alloys for strength but face
rapid fallure from corrosive conditions can be coated to
yleld the corrosion resistance of a more passive metal, In
addition, savings will be realized through longer 1life,
which may offset the additional cost of plated or clad
‘materilal,

Plated or clad structures have the advantages of corrosion
resistance and freedom from maintenance. Usually painting
and other maintenance required on steel structures are not
necessary on plated or clad metals. This is frequently a
major consideration. On the other hand, plated or clad
materials may not be immedlately avallable when needed, and
may involve installatlion by specially trained personnel.
Thus, additional first costs of material, fabrication, and
installation must be considered against savings from corros-
ion and maintenance,

a. General. Information on ccatings (not underground
or underwater) is found in military manuals on Paints and
Protective Coatings. These manuals should be consulted for
general Information on selection and application of above-
ground coatings not discussed here.

(1) Cathodic Coatings.

(a) Nickel and Chromium. Nickel is corrosion
resistant as well as ornamental, It is used extensively for
plating instrument cases, trim on automobiles, plumbing fix-
tures, storage tanks, and vessels that contain caustic solu-
tions. Chromium 1s used as a protective and ornamental
coating on tables and kitchen utensils over a plate of
nickel., Chromium 1s also used as a plate or cladding on
metals for wear and oxygen resistance,

(b) Copper. Copper cladding is used on steel
wire for electrical conductors. It 18 corrosion resistant
to most atmospheric conditions. In comparison te solid cop-
per wire, the primary advantage of copper-clad steel wire
is Increase 1n structural strength, which makes possible
the use of long spans in overhead power lines, Copper is
also used as a cladding for nalls and other hardware,

(¢) Tin. A tin-nickel alloy (Sn, 65 percent;

Ni, 35 percent) is used extenslvely as cladding for food
contalners and plating for kitchen utensils. Because 1t
will prevent corrosion of copper, a tin-nickel alloy 1s
also used as cladding for copper wire that 1s to be insu-
lated with rubber,
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(d) Tantalum., Tantalum is used as plate or clad-
ding for vessels or pipe when other metallic materials, even
70ld and platinum, cannot be uned because of an environment
favorable to corrosion, Chemlcal properties of tantalum
closely resemble those of glass, Tantalum is rapidly
attacked by hydrofluoric acid and by strong, hot alkalies.

It 1s also attacked by fuming sulfuric acid orTother sub-
stances containing free S03.

To a lesser extent, tantalum is attacked by hot concentrated
sulfuric and phosphoric acids. For certain commercial appli-
cations, however, even with such aclds, tantalum has given
satisfactory long 1life. Because tantalum 1s virtually inert
to all other aclds or acldic salts, it 1s a sultable lining
material.

(e) Cadmium. Cadmium, used to coat metal, is
generally applied as plating. Cathodic to steel and iron,
1t does not protect bare areas or breaks in coating. It is
extensively used for atmospheric coating due to the bright
finish produced and 1s excellent for thin plating thickness
which cuts plating costs.

(f) Stainless Steel. Various types of stainless
steel are used as cladding for steel to produce vessels
which have the corrosion resistance of stainless steel at a
cost not much greater than steel,

(2) Anodic Coatings.

a) Zine. The most commonly used anodlc coating
is zinc, which may be applled by four methods: plating,
sherardizing, hot dip, and metallizing. Zinc-rich paints
are also used for certain appllcations, but are not discussed
here (APM 85-3, Paints and Protective Coatings).

Zinec 1is applied to iron, steel, magnesium, or aluminum by
electroplating. The metal to be plated is made the cathode
in an electrolyte containing zinc. 2Zinc is the circuit
anode., Zinc plating 1s used where hot dip would interfere
with proper use of such articles as nuts, bolts, and other
threaded parts and to reduce total zinc used by producing
a uniform thin coating on plate or sheet,

In sherardizing, zinc 1s applied to steel or iron by cementa-
tion. Characteristic of this process is alloying of the
metal surface with zinc. The sherardizing process consists
of cleaning and pickling (or sandblasting? the metal surface
before treatment. Clean metal is placed in drums or retorts
containing zine dust. The drums are rotated at slow speed
for three to four hours at about 750°F (400°C). The result-
ant coating is a zinc-iron alloy. Sherardized coating is
porous and usually painted, varnished, or enameled, for uni-
form distribution and penetration.

The hot-dlp process 1s used extensively for galvanlizing iron
or steel. Facllitles are necessary for pickling, washing,
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and application of flux. Steel is dipped into molten zinec
at a temperature of about 875°F (468°C). A good coating is
about 2 ounces of zinc per square foot of coated area,
Addition of a small amount of aluminum to the hot baths of
zinc improves fluidity and coating appearance,

Steel and iron can be coated with sprayed molten zinc,

Zinc 1s fed as wire into a metallizing gun. The oxyacetyl-
ene flame melts the zinc and projects 1t as an atomized
spray on the surface to be coated. The metallized surface
has a rough, porous coating which makes an excellent bond
for paint or organic coatings.

(v) Aluminum. Aluminum is generally applied by
two methods: cladding and hot dip. Aluminum paints are
also avallable, but are not discussed here (Military Manuals
on Paints and Protective Coatings). ,

Pure aluminum 1s applied by rolling sheet aluminum on the
surface of a strong aluminum alloy, Pure aluminum is anodic
to the alumlnum alloy and protects it galvanically.

Aluminum is also applied to steel in a manner similar to
galvanizing. This 1s usually a continuous. process with
steel sheet fed through descaling and cleaning baths, flux
and molten aluminum, and emerging with an aluminum. coating.
Aluminum, anodic to steel, performs like zinc galvanizing.
Aluminum-coated steel also has excellent oxidation resist-
ance up to 800°F. The aluminum oxide coating formed on alum-
inum keeps oxygen from contacting the metal.

b. Underground and Continuously Submerged. Copper
and zinc are the most common underground and underwater
metallic (conductive) coatings. These are described above,
Copper, a cathodlc coating, is used on ground rods and bolts
underground, It is not recommended as a cladding under-
ground for pilpe or tubing because any cut or abrasion ex-
poses steel, creating an anode, Because of the difference
of potential between copper and steel in the galvanic series,
accelerated corrosion of steel occurs when the two metals -
are 1n an electrolyte, For example, accelerated corrosion
takes place when such pipe or tubing 1s encased in concrete
floor slabs, such as for radiant heating, permeated with
moisture,

Zinc galvanizing, anodlc to steel, 1s sometimes used under-
ground or underwater. However, galvanizing usually corrodes
away rapldly, leaving bare steel 1n contact with a corrosive
environment. Protection from zinc 1s proportional to 1its
thickness, and coatings with enough metal to provide a good
1life are generally prohibitively expensilve.

5.4.1.2 Insulating ;Dielectricz. Dielectric protective
coatings are used extenslvely in corrosion control. They
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are especlally effective underground, in conjunction with
cathodic protection. The purpose of these materials is to
electrically isolate metal from its environment by maintain-
ing a moisture-resistant seal between the two. Quality
coating is Judged by its ability to resist moisture absorp-

tion, although mechanical strength and chemical resistance
are also important factors,

Underground insulating (dielectric) coatings are discussed
in detail in paragraph 5.4,1.2.a., Others are mentioned
here. ©For further reference to above-ground insulating
coatings, see APM 85-3, Paints and Protective Coatings. ~ -

Among coatings frequently employed are conversion coatings.
These are formed by reaction of the metal surface with a
chemical and are in reality a surface layer of adherent re-
action product. There are many methods of applying or pro-
ducing conversion coatings, resulting in a variety of prop-
erties. Perhaps the most common is anodizing - deposition
of material on metal, producing an intermediate layer of
base and deposit materlial in complex. The coating material
is generally deposited by electric current from an aqueous
-8olution. Such reactive metals as magnesium and aluminum
are frequently anodized. Anodlzed coatings are generally
hard and adherent, easily and uniformly applied to complex
shapes, and reslstant to many corrosives., Other conversion
coatings include calorizing, aluminizing, and phosphatizing.

Glass-lined or coated vessels are used with chemicals or
foods for thelr resistance to aclds and alkalies and ease of
cleaning. Glass coatings, also described as porcelain or

vitreous enamels, are applied from a slurry, and are diffi-
cult to repair.

Concrete 1s an effective coating for steel in the atmosphere.
Care must be taken to assure that volds are cement-filled,
and that concrete 1s well-mixed. Reinforced concrete has
failed from rebar corrosion due to improper mixing. Rein-
forced concrete falls more raplidly in sea alr than if sub-
merged, producing bridge and other faillures (paragraph
5.4.1.2.a(6)). Concrete should not be used with amphoteric
metals such as aluminum or lead because it is alkaline.

Plastics applied by dipping, spraying, or fluidized bed
processes constitute another group of above-ground coatings,

Some plastic film-type coatings sas differentiated from tapes,

discussed in paragraph 5.4.1.2.a), require a primer; some, a
catalyst for curing. The large number of plastics available
result in a variety of properties for different uses, Both
thermosets and thermoplastics are used.

Inhibited greases are also used for coatings, sometimes cov-
ered with a wrapper for protection. Often, greases are used

161

A A AR

Sl S s A T




for temporary protection during storage or in transit,
These materials leach away after continuous exposure to
moisture, '

It 1s important to realize that any coating material is only
as good as 1ts application., The first step in good applica-
tion 1s surface preparation. After good surface preparation,
coating must be applied carefully in accordance with speci-
fications to assure satisfactory results,

a. Underground. The National Association of Corros-
ion Engineers Standard RP-01-69, Recommended Practice -
Control of External Corrosion on Underground or sSubmerged
Metalllc PipIng Systems, contalns a discussion on “Ins%aI-
IIng of pipgng gsystems coated with electrically insulating

materials". This is valid for most submerged or underground
structures, not only pipelines. It states:

"The function of such coatings in corrosion control is
to 1solate the external surface of underground and submerged
piping from the environwent. This can be substantially ac-
complished by different types of coatings. These coatings
can be formed on the pipe surface or prefabricated as films
or wrappers and then applied ...

Desirable characteristics of coatings:

Effective electrical insulator

Ease of application to pipe

Applicable to piping with a minimum of defects

Good adhesion to pipe surface

Ability to resist development of holidays with

time

(f) Ability to withstand normal handling, storage
and installation

(g) Ability to maintaln substantially constant

electrical resistivity with time

(h) Resistant to disbonding when under cathodic
protection
(1) Ease of repair".

H O0CQOUTP

Several coatling systems exhibit these properties. To rely
on an insulating coating as the only means of corrosion pro-
tection, however, requires a "perfect" coating, completely
free of holidays. 1In practice, this is rarely, if ever,
accomplished.

"Holidays" (breaks in the coating) are inevitable. They are
caused in most coatings from incomplete coverage auring ap-
plication and/or damage during handling, installation, and
service, Holidays can be detected either before or after

‘burial and repaired. After burial this is cxpensive and

often not practical,

i62




Coating alone, as corrosion protection, can result in more
rapld corrosion penetration of metal than if bare. Coating
limits areas from which corrosion currents can flow, con-
centrating corrosion at limited areas of exposure,

The most significant advantage of dielectric coating 18 re-
ductlion in metal surface area exposed to soil or water.

This reduces cathodlic protection current requirements, mini-
mizing costs, Coating and cathodic protection is a long
accepted and proven system of underground coryosion control.
Bonded coatings must be applied carefully because cathodic
protection may not work under unbonded coating.

Corrcsion cannot occur on a buried metal structure where
coating physically adheres to metal. It can occur only
where this bond 1s broken, but it is not limited to areas
with direct soll exposure. Severe corrosion can occur in
the moisture film under an unbonded coating, even though
potentials between structure and electrolyte show adequate
protection is being applied. Entrapped moisture between
coating and structure surface may promote corrosion despite
cathodic protection. Therefore, good coating techniques
muat be used to prevent increased corrosion at breaks, holi-
days, or disbonded areas.

The most common and successful coating materials for under-
ground and underwater are hot tars - hot-applied coal-tar
enamel or hot-applied asphalt coatings used with wrappers
and reinforcement. Both have long-term service records for
effectiveness underground and underwater., Hot-tar coatings
may be fileld-, yard- or mill-applied to pipe. For field-
coating, method of surface preparation and application are
similar for either type coating. Typical specifications for
coal-tar fleld-application are given in paragraph
5.4.1.2.a(1). Hot-applied coal-tar coatings are most fre-
quently used with wrappers for external coatings for steel
pipelines and other underground structures, but also find

application as interior linings in both steel and conerete
lines.

In recent years, extruded polyethylene (paragraph 5.4.1.2.a(%))

and thin-film coatings {paragraph 5.4.1.2.a(7)) have become
more popular for use underground. These coatings appear to
give satisfactory service, although their recent introduction
precludes long-term service records.

Other underground coatings, some for specific uses, are
discussed here also.
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(1) Hot-Applied Coal Tar, Hot-applied coal-tar
(coal-tar enamel) consists of molten bituminous coal-tar
pitceh reinforced with inert fillers.such as lime or slate
dust and applied by hand or machine, over a primer. (For
reference see AWWA 8310-D Committee Report "Standard for
Coal-Tar Enamel Protective Coatin%s for Steel Water Pipe -
AWWA-C203" and NACE 2G156 Report "Coal-Tar Coatings for
Underground Use".) The coating may be reinforced with em-
bedded glass mat and/or outer wrapper of glass mat or asbes-
tos felt saturated with a compound made from the basic coal
tar. Over this, a covering of kraft paper or whitewash may
be added. Average coating thickness is 3/32" to 5/32".

Primers used with coal-tar enamel are either a "cutback" of
the type coal-tar used or a synthetic, paint-like substance,
(For reference see U.S. Government Printing Office Publica-
tion "Synthetic Resin Primer for Coal-Tar Enamel",Research
Report No, 8, U.S. Dept. of the Interior, Bureau of Reclam-
ation.,) Synthetic primers are in general use today.

Primers made from coal~tar cutbacks are less practical; they
are difficult to apply, and drying time 1s critical. For
any primer, structure surface must be clean and dry prior to

application. Typical specifications for a synthetic primer
are:

Minimum Maximum
Weight, per gallon, lbs, 8.5 9.0
at 77°F, AS™ D-1475
Total solids, % by welght 30 4o
ASTM D-1644 '
Viscosity, Stormer,seconds 20 4o
75 gm.wt. ASTM D-856
Flash point, °F, g2
ASTM D-1310
Coverage, sq.ft. per gal, 800 1000

Dry time, minutes
(exterior, summer)

Coal-tar pitch is produced by distillation and dehydration
processes from bituminous coals, Pitch is a thermoplastic
containing the least volatile compounds, mostly aromatics,
from coal-tar products, Production includes heating to
about 2000°F, which imparts chemical inertness to coal-~-tar
pitch., Variations in temperature and source of coal yleld
pitches at different characteristics; consequently, raw
material quality and manufacturing methodes are important to
the final product. Removal of possible corrodents from
pitch, plus addition of reinforcing fillers, improves the
coating. In areas of severe soill stress or temperature
variation (such as long periods of above-grade storage be-
fore use), more flexibility 1s needecd, sSo a more plastic
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enamel 1is required. Varlation in flller content and quality
of pitch arffect flexibility. Three different grades of hot-
applied coal-tar coating with different flexibllitles are
commonly used: standard, semli-plastliclized and fully plasti-
cized. Primers made from cutbacks of the speciflc type are
used with each, or a synthetic primer can be used for all,
(a) Standard. Typilcal specifications for a

standard coal-tar enamel are:

Minimum Maximum
Specific gravity, 7T7°F - 1,40 1,60
ASTM D-71
Percent ash by weight - 20 27
ASTM D-271
Penetration - 100 gm.wt,, O 2
5 sec., T7°F - ASTM D-5 '
Softening Point, °F, 195 205
ASTM D-36
Temperature exposure 25 115
range, °F
Normal application 340 390

temperature, °F

Methods of preparing metal surface and applying coating are
the same for standard coal-tar enamel and other hot-applied
coatings. An example of specifilcations for application is
glven for fully-plasticized type coatling, as this 1s the
most appl.cable to underground structures (paragraph
5.4.1.2.a(1)(c)).

(b) Semi-Plasticlzed. Typical specifications for
a semi-plasticlzed enamel are:

Minimum Maximum

Specific gravity, T7°F 1.40 1.60
Percent ash by weight 20 27
Penetration - 100 gm.wt., 2 T

5 sec.,, 77°F - ASTM D-5 _
Softening Point, °F 195 205
Temperature exposure 10 130

range, °F
Normal application 355 . 4oo

temperature, °F

Again, see paragraph 5.4.1.2.a(1)(c) for typical application
specifications, ;

(¢) Plasticized. Typical specifications for
coating and wrapping a pipe with fully-plasticized coal-tar
enamel for underground service are given here. These speci-
flcations may be used as a guideline for coating and wrap-
ping with other coal-tar enamels or hot-appllied asphalt,
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Plasticized Coal-Tar Enamel Coatinf Systems.
plastlicized coal-tar enamel coating system shall consist

‘of one coat of synthetic primer, a 3/32" minimum thickness

of plasticized coal-tar enamel, and a glass fiber or 15-
pound asbestos felt wrapper. The primer shall be compatible
with the coal-tar enamel coating and shall be a resin-based,
synthetic, "quick-drying" primer., The coal-tar enamel used
for pipe coating shall have the following general properties:

Specific Gravity 1.4 to 1.6%

Percent Ash by Weight 35% Maximum

Penetration - 100 gm.wt., 7.0 mm Maximum
5 sec., 77°F - ASTM D:-52

Softening Point 220°F Minimum
Temperature Exposure Range -10°F to 160°F
Application Temperature 450°F to 490°F

The wrapper shall be either 15-pound coal-tar saturated
asbestos pipeline felt composed of inorganic nonrotting
asbestos fibers or an inorganic nonrotting mat of fine glass
fibers held together by a binder., Mill-coated coal-tar
enamel coating systems shall have an additional outer wrap-
ping of sulfate kraft paper.

Field Application and Inspection (With Electrical Insgection!
or en s of pipe, bare plpe ends, Jolnts, and ngs

shall be field-coated during construction of the pipeline.

The coating shall consist of a thin coat of "synthetic" type

. primer for hot coal-tar enamel, followed by two coats of

plasticized coal-tar enamel and a wrapper (bonded to the
last coat of coal-tar) of 15-pound coal-tar saturated asbes-
tos felt or glass fiber. The pipe shall be cleaned until
free from all loose mill scale, rust, moisture, welding
scale, dirt or grease., G@(rease or heavy oll shall be removed
with an approved volatile solvent (not gasoline), If neces-
sary, moisture shall be removed by preheating the pipe.
After cleaning, primer shall be brushed”on in a thin, even
coat. Runs, drips or flooded areas in the finished priming
coat shall be removed by brushing. The primer coat shall
be dry before enamel coating is applied. (To test for dry-
ness, scrapée a small quantity of primer from the pipe and
squeeze tightly between the fingers - dry primer will not
stick to the skin.) Two coats of enamel shall then be ap-
plied to the clean, dry, dust-free primed pipe surface,
Application temperature of the enamel shall be in accord-
ance with manufacturer's specifications, taking into consid
eration the atmospheric temperature, weight of pipe, and
conditions of application. Two coats of coal-tar enamel
shall be applied by hand-daubing or "pouring and ragging",
to a minimum 3/32" thickness, Application of the second
coat will be followed by immedlate wrapping with the 15-
pound felt or glass wrapper so that the wrapper 1s bonded
to the coal-tar coating. Wrapper overlap shall not be less
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than one (1) inch. All coating shall be -visually inspected
for holidays and breaks during construction, Electrical
tests shall be .conducted in the fleld with a portable high-
voltage, low-amperage holiday detector, in the following
manner:

1. Electrical equipment used to test the .enamel in the
field shall be the portable, low-amperage, adjustable volt-
age, pulse-type holiday detector. The holiday detector shall
be furnished with a coil spring electrode for the larger
coated plpe areas and a sultable brush type electrode for the
smaller coated bolt and structu.,al surfaces., The appllicator
will provide an operator for this equipment.

2. The ogerating voltage of the detector shall be in the
range of 000 to 15,000 volts. Due to varlables such as
relative humidity and temperature, the detector voltage shall
be adjusted twice dally; Just before starting work in the
morning and just before starting work in the afternoon.

3. The operating voltage of the detector shall be determined
by the following procedure:

a. Select a coated and wrapped portion at the overlap
of the felt approximately 15" from the end of one pipe
length. This location 18 required because 1t represents the
maximum thickness of coating and wrapping on the pipe.

b. Deliberately puncture the coating and wrapping with
-pointed tool.
ove the electrode back and forth over the puncture

known holiday:

d. Place a strip of dry 15-pound coal-tar saturated
asbestos pipeline felt over the known holiday. Move the
detector electrode back and forth over the felt strip, and
slowly increase voltage until the detector starts to indicate
the known holiday under the felt strip.

4, After voltage has been properly adjusted as outlined
above, the electrode shall be passed over the coated and
wrapped surfaces, one time only, approximately 35!' to 50!
per minute,

5. Evidence of holidays or mlissed places will be indicated
by an electric spark between the electrode and the metal
surface,

The Contractor shall provide electrical inspection equipment
and an operator. Coating imperfections shall be marked for
patching prior to backfilling. If no electrical inspection
is used, all coating shall be visually inspected for holidays
and breaks during construction, Coating imperfections are

to be marked for patching prior to backfilling.
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Regairing Damaged Coating
olldays or breaks 1in coating shall be repalred before

backfilling. Small holidays are to be repaired by pouring
hot coal-tar enamel directly on the holiday. Breaks or holi-
days larger than 1" are to be patched by removing all un-
bonded coating and wrapper around the holiday. This area

shall be repaired in the same manner as field application of
coating.

Storage and Handling of Fleld-Coating Materials

ﬁEEer%aIs Tor fleld-coatIng and paEchng shall be stored
and handled in a manner that prevents damage or contamina-
tion. All rolls of wrappers shall be stored on end in a
dry place, kept from contact with concrete flooring, and
protected from weather, Primer and coating shall be kept
in containers that prevent contamination with dirt, grease,
oils, and other foreign materials., Lrushes used for the
application of primer shall be clean and suitable for apply-
ing a thin, even primer coat., Kettles and containers used
for heating and pouring coal-tar coating shall be free and
clean of foreign material and dirt., Coating and wrapping
materials shall be hauled in a manner that will prevent
damage to the packages. The Contractor will be billed for
excessive material damage and losses.

Handling Coated Pipe ,
Pipe shall be handled, shipped and stored in a manner that
will prevent coating damage. Mill-coated pipe shall be
stock-piled on soft ground or padded skids at the construc-
tion site. Coated lengths of pipe shall be handled with
equipment equipped with rubber or canvas belt slings of suf-
ficient width to protect the coating. Rolling or dragging
the pipe over rough terraln is prohibited. Skids used in
over-the-trench construction shall be padded with sand or
straw bags, foam pads or sultable rubber padding. Lowering
pipe into the trench shall be done only after the coating
is thoroughly cooled. Care shall be exerclsed during low-
ering operations to avoid coating damage by sides of the
trench, tree roots, and objects protruding from the trench
wall, Before lowering, the trench bottom shall be inspected
for rg}kﬂ, skids, welding rods, and other debris that will
ary

damage” coating. Removal of water from the trench may be
neces to perform this visual inspection of the trench
bottom. Sliding and positioning the plipe in the trench is
to be avoided and should be done only when absolutely nec-
essary. An extremely dry or rough trench bottom shall be
flooded with water to provide a smoother sliding surface
and prevent excessive coating damage.
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Backfllling Coated Pipe )

BackITIIlIng shall be performed in a manner that will pre-
vent damage to the pilpe coating. Rocks, stones, brickbats,
and other hard debris shall be removed from the backfill
adjacent to the pipe. In cases where rock or gravel 1ls en-
countered in the bottom of the trench, the bottom shall be
padded with soll or sand to a depth of four (4) inches,
Where suitable soil or sand padding 1s unavailable, coated
pipe may, upon approval, be protected from rock or gravel
with a wrapper or layer of 3/16" thick pipeline rockshield.
Finer portions of backfill shall be used for the first layer
of backfill to a hHeilght of four (4) inches above the top of
the pipe. Forelgn materials and items common to pipeline
construction, such as cans, buckets, skids, and welding
rods, shall not be discarded in the trench,

(2) Hot-Applied Asphalt. Hot-applied asphalt
coatings consist of air-blown asphalt reinforced with finely-
divided mineral filler. (For reference see NACE 2H158
"Asphalt Type Protective Coatings for Underground Pipelines"
or NACE 2H157 "Asphalt Type Protective Coatings for Under-
ground Pipelines - Wrapped Systems" or the Asphalt Institute

-Publication "Asphalt Protective Coatings for Pipelines -~
Construction Series No. 96 - Wrapped and Mastic Systems".
Typlcal specifications for hot-appllied asphalt are:

- . ) Minimum Maxinmum

Weight, 1b,./gal. at 60°F —— 10 ---

Percent Ash by Weight - 15 25
ASTM D-271

Penéetration - 100 gm.wt., 4 10
5 sec., TT7°F -
ASTM D-5 '

Softening Point, °F, 235 255
ASTM D-36

Temperature Exposure 0 160
Range, °F

Normal Application 450 500
Temperature, °F

As with hot-applied coal-tar, hot-applied asphalt has a
long-term record of effectiveness for underground service.
It 1s applied similarly, over metal surface primed with an
asphalt base primer and may include reinforcing glass
wrapper and/or glass fiber or asbestos felt outer wrap.
Mill-wrapped pipe will also be covered with kraft paper or
whitewash, The specifications for surface preparation,
application procedures, and handling and backfilling pipe
coated with coal-tar enamel may be used as a guldeline for
asphalt enamel also.




Manufacturing method and raw material quality are important
to a good asphalt enamel. Asphalt is produced by distilla-
tion of asphaltic petroleums or 1s mined directly as natur-
ally occurring asphalt (such as gilsonite). The properties
of distilled asphalt vary with raw material makeup, distil-
lation time and temperature, and method of sparging. Air-
blown, rather than steam-sparged, asphalts go into asphalt
enamel. Addition of gilsonite to distilled asphalt often
greatly improves its quality as a coating. Mineral ash is
added for improved strength. Improved, modern asphalt ena-
mels are less water-absorbent than predecessors, and are
comparable :o0 coal-tar enamels as coating for underground
and under.. ser service. One disadvantage is lower resis-
tance to petroleum products; asphalt coatings may be dis-
solved in environments containing such materials and their
use there should be avoided.

(3) Asphalt Mastic, Asphalt mastic describes
selected sands, fibers, and mineral ash held together with
an asphalt binder. (For reference see NACE 2H158 "Asphalt
Type Protective Coatings for Underground Pipelines" or
NACE 2H257 "Asphalt Type Protective Coatings for Under-
ground Pipelines - Mastic Systems" or the Asphalt Institute
Publication "Asphalt Protective Coatings for Pipelines -
Construction Series No. 96 - Wrapped and Mastic Systems".)
These materlals are applied hot, by pressure-extrusion tech-
niques and are characterized by greater thickness than more
conventional coatings. Average thickness of 1/2" to 5/8"
are common, with thickness up to 1" available. Composition
varies depending on service temperature requirements, but
binder content of about 12% is common. Method of applica-
tion includes preheating the pipe to dry the surface,
thoroughly cleaning the surface, and applying hot primer.
The coating 1s then mill-applied in a continuous process
and coated with whitewash. *ield-patching, especially in
adverse weather conditions, can be a problem.

Asphalt mastic coatings are characterized by good coating
integrity due to extra thickness. No outer wrappers are
required. The coating's thickness gives it a special advan-
tage in congested areas where contacts must be avoided even
in close clearances, However, as with other asphalt coat-
ings, care must be taken to avoid dissolution of mastic
binder in environments containing petroleum products.
Extruded Polyethylene. An extruded polyethy-
lene pipe coating system consists of a hot film of high-
density polyethylene extruded over a layer of hot, rubber-
1zed thermoplastic adhesive, (For reference see NACE
2K161 "Prefabricated Plastic Films for Pipeline Coatings".)
Application procedure includes preheating of pipe to drive
off molsture, cleaning, application of adhesive, extrusion,
and water quenching. This type coating is most applicable
to small-dlameter distribution pipe. Joints are made with

170




shrunk-on polyethgiene sleeves or tapes., Typlcal specifica-

tions for a polyethylene coating system are:

The system shall consist of a 10 mil layer of adhesive mas-
tic and a 25 to 40 mil thickness of extruded high-density
polyethylene, The adhesive mastic 1s to be a modified
rubber-blend material that does not become hard or brittle.

Extruded high-density polyethylene shall have the following
general properties:

Tenslile Strength 3,500 psi Minimum

Elongation 10

Penetration - 200 psi Negligible i
load, 1/4" blunt rod ,

Moisture Absorption .02% ;

Dilelectric Strength 1,000 volts per mil

thickness
Polyethylene coating systems can be mill-applied to nipe
from 1/2" nominal diameter to, and including, 10-3/4" out-
slde diameter.

Also avallable are extruded coatings of polypropylene
copolymer,

(5) Welghted Coatings. Weighted coatings consist
of heavy material applied to plpe over the protective coat-
ing to provide adequate weight in water or non-stable back-
fi1ll. These coatings are generally concrete containing a
heavy aggregate such as cast iron, reinforced with wire
mesh, Coating composition and thickness are determined by
required weight and environment. Weighted pipe is often
difficult to cathodically protect, since metal reinforcing
must not contact the pipe at any point. Contact results in ~
shielding pipe from protective current. In additlion to pre-
venting contact, care must be taken not to damage protective
coating during applicatlion of weighted coating. Once ap-
plied, weighted coating provides mechanical protection to
the metal and protective coating, greatly reducing damage
and the need for repairs.

Concrete. Concrete or cement is used for both
internal and external coating, especially on such struc-
tures as burled or submerged ferrous water or sewer lines,
bridge supports, ete. Tight specifications of all ingredi-
ents, including additives, are required, Reinforcing mesh
is usually used, especially on large diameter pipes, Con-
crete coating requires curing, usually several days,

Concrete 1s an alkaline environment and should not be ap-

plied to amphoteric metals such as lead or aluminum. How~ -

ever, this alkalinity causes ferrous metals to become cath-

odic, protecting them from corrosion. Pinholes or small

cracks in concrete coating generally do not cause problems j
because they fill with alkaline material, preventing cor- [
rosion. Where larger sections of concrete break away from :
the metal surface, corrosion can occur at an increased rate. {
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Uncoated areas are anodic to those contacting concrete.

This has been a problem with bridge support piles, On water
crossings, plles are frequently encased in concrete from the
deck to a point below water level. Severe ccrrosion has
been found jJust below the jacket bottom, particularly in
salt water. Concrete Jackets should extend into the bottom,
especially 1f cathodic protection is not used.

Another serious problem with concrete-surrounded structures
is corrosion of reinforcing steel, producing spalling. The
main cause of reinforcing steel corrosion 1s presence of

chlorides in concrete. Chlorides are introduced into con-

- crete in several ways. Sometimes they are used to acceler-

ate curing; deicing salts are another source, Finally, salt

water has been used in the past in coastal areas in mixing
concrete.

The effect of chlorides 1s two-fold, in that both the pH
and the electrical resistivity of the concrete are lowered.
Normally, the pH of concrete 1s 12 or 13, and steel usually
becomes passive in environments having a pH greater than
11.5. With addition of chlorides, however, the pH of con-
crete may drop to 6 or 7, in which range steel will corrode
readlly. Chloride-free concrete has a high resistance to
flow of electric current but, with addition of chlorides,
the resistance 1s lowered five- to ten-fold, again enhanc-
ing corrosion.

There are several remedles for reinforcing steel corrosion,

- some of which may be used together. Coatings, both metallic

and dielectric, have been utilized. Non-sacrificial coat-
ings such as copper or nickel provide a barrier between con-
crete and steel. Nickel has been quite successful, but with
copper, 1f a break occurs, the steel substrate corrodes rap-
idly. Galvanizing, a sacrificial zinc coating, has been
used with considerable success, Galvanized rods have an
appreciably longer life than bare rods,

Dlelectric coatings such as epoxies and bituminous materials,
as well as cement slurries, are also used to control corros-
ion of reinforcing bars,

One of the most effective steps that can be taken is to pro-
hibit the inclusilon of chlorides in concrete. Low porosity
concrete reduces corrosion, as does alr entrainment. Ade-
quate cover 1s essential and, where possible, a minimum of
three inches should be specified.

Some ’experimental work has also been done on application of
cathodic protection to reinforcing, but this 1is currently a
theoretical area. Current density must be limited to mini-
mize the possibllity of losing bond between steel and
concrete.
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(7) Thin Films., A recent addition to the selection
of underground coatings is the "thin film" group - coal-tar
epoxy, butadiene styrene, or vinyl resin applied to a thick-
ness of 8 to 10 mils, Some of these coatings are exception-
ally tough, and can withstand physical treatment that could
damage thick, more traditioral coatings. (For reference see
NACE publication "Recommended Practices Associated with the
Application of Organic Coatings to the External Surface of
Steel Pipe for Underground Use".)

(a) Coal Tar Epoxy. The first practical "thin
film" coatings for underground pipelines were the coal tar
epoxies - epoxy resins comblned with coal tar or coal-tar
pitch., Epoxy resins are the product of a condensation re-
action, usually between bisphenol A and epichlorohydrin,

The resultant resins vary greatly in molecular weight, de-
pending mainly on system temperatures and pressure, and
ratio of reactants. Low molecular weight epoxy resins are
liquid; those of high molecular weight are solids.

The resins contain unreacted epoxy and hydroxyl radicals in
their structure and can be combined with coal tar and cer-
tain other materials without producing harmful byproducts.
The resultant reaction causes crosslinking of epoxy resin
molecules, with greatly altered properties.

Coal-tar epoxies may also contain curing compounds, mineral
fillers, or solvents. The ratlio of coal tar to epoxy resin
may vary from 1:1 up to 3:1.

Coal-tar epoxies are an improvement over either major con-
stituent for coating. Coal tar improves watcr resistance
and greatly reduces cost of pure epoxy resin. Coal tar
gains better resistance to many olls and solvents, im-
proved thermoplastic properties, and better weathering
characteristics. The combination ylelds a durable coating
for both metal and concrete for underground and underwater
applications. To prevent holidays, two coats should be ap-
plied; however, for many applications one coat suffices.
Abrasion and impact resistance are excellent, as is adher-
ence and resistance to soil stress. Use of coal tar epoxies
in the presence of strong solvents, howeveng should be
avoided.

Typical specifications for coating steel with coal-tar
epoxy are given here: . .

Specification for Coating with Coal-Tar Epoxy

Coating System
a. TE% coatIng system shall consist of grit-blasting con-

forming to the specification below and following coating
system:

21; One or two coats of coal-tar epoxy.

2 Material shall be applied by spray.
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tion for Coating -

« XN P : @ Worx, provision should dbe made for ac-
complishing the work in spite of obstacles caused by
weather and other local conditions,

b. Where work is to be done in winter months in southern
latitudes and application must be made during very cold
weather, provisions should be made for doing the work in-
doors in a heated space, if possible, to reduce the cost of
the coating operation to a minimum,

Surface Preggggtion
a. surraces to be coated shall be dry grit-blasted to

a gray Commercial Blast at least equal to Steel Structures
Painting Council Specification 6-52T with the additional
requirement that all mill scale must be removed, Mill scale
binder need not be removed.

b. All work blasted in one day must be coated on that day
and before dew point has been reached. Any blasted area,
not coated, which 1s exposed overnight has to be at least
whip-blasted before coating application.

¢. All areas of the surface which are to be blasted which
show any trace of o1l or grease shall be dezreased, using
naphtha or xylol prior to grit-blasting. :

d. All surface to be coated shall be completely dry, free
of moisture, soll, dust and grit at the time of coating.

Pregaﬁgtion of cOat1n§
a. coating speclilied for this work is a two-component

system containing all of the resin in one container and the
catalyst in a second container,

b. The material shall be prepared for application in accord-
ance with the manufacturer's insert sheet in the container.
¢c. PFor application in winter time, the handling of the ma-
terial will be facilitated by storing it in a place where

it will be kept at a temperature as high as 65°F or 70°PF.
The material applies much more readily at these temperatures.
d. For application in summer time, the material should be
stored in some place where it 18 in the shade. Material in
the sunlight will increase in temperature substantially
above atmospheric temperatures. If the material in the
fleld is kept under a shelter out of the sunlight, the tem-
perature of the materlial will not go above the air temper-
ature, .

Application of Coating
a. coal-tar epoxy shall be applied by spray, either by

using a barrel pump of at least 8 to 1 ratio and a heavy
duty spray gun similar or equal to Binks 7-E-2, or by use
of airless spray equipment of at least 28 to 1 pump ratio.
The use of airless spray 18 preferred and recommended since
pinholing 1is reduced and touchup is practically eliminated.
b. This 18 a thermo-setting material. All material cata-
lyzed at any one time must be applied within the time limits
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specified in the manufacturer's brochure. ,

Thinnigg

a, enever possible, the coazl-tar epoxy coating should be
applied without thinning. Note that this is a thixotropic
material which 1s quite viscous when first opened but which
18 reduced to spraying consistency by vigorous mechanical
agitation for at least five minutes, If thinning must be
done, it must be limited to a quantity of thinner not to
exceed the equivalent of the catalyst. Only the thinner
recommended by the manufacturer shall be used.

Coat Thiclkness ;
a, % g’!n!.'i—'m Thickness of 10-15 mils (0.010-0.015 inches) i

dry film is required for the coating on all surfaces.
b. Dry film thickness will be measured by either an ;
Elcometer dry film meter, MIKROTEST dry film thickness gauge, :
or equivalent. |

Inaggction ,
a. slactory performance will be based upon acceptance :
of the completed work by the Engineer's Inspector., Each j
day's work will be inspected by the Engineer not later than i
the day following application of the coating. The grit- 5
blasting and surface preparation, however, is to be approved

by the Inspector before the start of the coating application.

b. Inspection of the completed work shall be by use of the

magnetic film thickness detectors and by visual inspection

for pinholing and holidays. The Inspector may also inspect

for these defects by means of a low-voltage volt holiday

detector, High-voltage detectors (above 100 volts) will not

be used. Detection of inadequately coated areas will be in-

dicated by the Inspector by circling with chalk the areas to

be touched up. If five or more such deficiencies are found

in a 10C sq.ft. area, the Inspector may require recoating of

the entire area in which these occur.

Aggg;iagce of Finished COatinE
a. n coating s be generally smooth, glossy,

and free of protuberances which could be removed by abras-
ion. A minor amount of sags, dimpling and curtaining which
does not exceed 2% to 3% of the surface will not be consid-
ered cause for rejection unless they present sharp edges
which might cause removal from abrasive reaction.

b. In the event the Inspector directs removal of sharp pro-
tuberances, they shall be cut off using a sharp wood chisel
laid flat against the surface, The 2ones from which mater-
ial is removed shall be lightly wire-brushed and wiped with
methyl-Isobutyl-Ketone and recoated to smooth the surface.
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(b) Butadiene-Styrene. Thin-film coatings of
butadiene-styrene and related copolymers are avallable, prc-
viding excellent resistance to many corrosives. These coat-
ings provide excellent bonding, used without primers. Some
use with oll primers is also found., Availlable as either
solution or emulsion, butadiene-styrene coatings provide
good protection in mildly corrosive applications,

A typical composition for this type coating is 35 to 454
solids, 60 to 80% of which are styrene resin.

(¢) Vinyl Resin. Vinyl-based thin-film coatings

. are used for pipe from 3/4" to 12", They resist acid, alka-

11 and other chemical attack, although solvent-attack is

sometimes a problem. Tough and impact-resistant, vinyl thin
films also exhibit strong bonding ability.

The basic vinyl resin can be altered to produce many varia-
tions. Currently, "hot milling" (mixing with application
of heat and high pressures) produces the most satisfactory
materlial for coating. Electrostatic-spraying, the best
means of application, requires this vigorous mixing techni-
qQue for proper application of vinyl.

Vinyl is applied to pipe as follows: DBare pipe is heated to
remove molisture and then grit-blasted to clean metal surface.
Buffing followed by priming with compatible primer 1s next.
Pipe 18 then heated to from U460° to 580°F for coating.
Charged vinyl powder finely divided by grinding is electro-
statlically sprayed from a fluidized bed. Infrared heat com-
pletes the coating process, followed by water Quench to room
temperature. Coating thickness 1s generally 12 to 15 mils,

(8) wvaxes. Microcrystalline wax based coatings
are similar in application to hot tar coatings. (For refer-
ence see NACE 2L161 "Hot-Applied Wax Type Protective Coat-
ings and Wrappers for Underground Pipelines".) Required
thickness 1is generally about 40 mils, however, applied with-
out primer but with a thin plastic wrapper for mechanical
strength., Temperature l1limits are lower for wax coatings
than for hot tar coatings. Because of this and other 1imi-
tations, wax coatings are not in general use,

(9) Cold-Applied Mastics. Cold-applied mastics
are sometimes used when 1t is not feasible to use hot-ap-
plied coatings. These are usually manufactured from coal-
or asphaltic-tar cutbacks. Curing and hardening occurs
through evaporation of the solvent. Reinforcing wrappers
are generally included; optimum coating thickness is ob-
tained with several coats (20 to 40 mils). Sometimes a
chemical curing step is included; this limits the "pot life",
requiring rapid application of mixed coating.

Cold-applied mastics are not in general use for underground
structures. In general, their effective l1life underground
is approximately five years and they are limited in
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temperature range. Alsc, these coatings are often soluble
in common solvents, because lighter ends are included from
the coal-tar or asphalt base. Although these coatings are
not generally recommended for underground use, they do pro
A vide some protection and may often be used when costs or
AR temperature requirements disallow hot-applied coatings.

. “ 5.4.2 Wrappers. Wrappers are employed for several rea-
sons, and sServe In one or more ways:

As an outer barrier to prevent and/or indicate
coating damage during handling, transit, storage, and t
installation,

to reflect heat that could soften and deform
coating,

3 to provide reinforcement within coatirgs, improv-
i~ ing mechanical properties,

as a shield between coated structures and backfill,
helping to prevent holidays in service,

to improve dielectric properties of coating,

as coating systems in themselves (as tapes or
sleeves),

The particular coating and structure situation determines
wrapper selection., Some wrappers and uses are discussed
here,

! 5.4.2.1 Pipeline Felts. Pipeline felts are outer wraps,
: usually of glass r or asbestos. They serve as protec-

E tive layers for enamel or other coatings. (For reference
see AWWA Specification C-203-62; Mil. F-18999A (3/10/64).)
Usually bonded to the coating, pipeline felts are saturated
with coal tar or asphalt, depending on coating composition.
These wraps are sometimes used over thin film or tape coat-
ings aind may have a reflecting surface.

Rag felts made from fabric have been used as outer wrap.
‘'These are not generally recommended. They consist of organ-
ic material which may rot in the environment, exposing coat-
ing or producing conditions favorable for bacterial corros-
ion. Non-rotting asbestos or alkaline-resistant glass fiber
wrappers should give better service. In alkaline soils or
where cathodic protection is apnlied (producing alkaline
conditions), sodium glass and oth:r non-resistant glasses !
may dissolve,

Pipeline wrapperg are commonly avallable in two weights: 8 !
or 15 1bs/100 ft< (see Table 5-10 for standard roll sizes

and coverage data). Often, they have a reflecting surface,
such as sulfate kraft paper, to prevent hect absorption.

in

o — N A




Table 5-10a :

ical Widths, Lengths of Pipeline Felt Rolls
Standa ) 8 (Inches) 2, -3/4, 3, 4,5, 6,

6-1/2, 8, 9, 10, 12, 16, 18 and 36.
Standard Roll Lengths (feet) .00, 150, 400, 600, 800, 1000,
1200, 1500, 2200, 3800,

Table 5-10b

Typical Coverage and Overlap for Pipeline Felt

Pipe Size
inches
omina

Bare Pipe Squares ol Wrap

Surface width Required

Area per of

Mile Lap * Wrap per

(sq.ft.) (Inches) {(Inches) Mile 1000 Lin,Ft.
1/2 24

T
1-1/2
2-1/2
%-1/2

4-1/2

~1.31I5
1.900
2.375
2.875
3.500
4,000
4,500
5.000
5.563
6.625
8.625
10.750
12.750
14
16
18
20
22
24
26
28
30
36

TI8I7
2625 33
3230 ﬁl
3930 9
4838 56
5528 64
2220 71
9l1 79
7689 87
5158 103
11922 133
14860 162
17624 195
19352 208 -
22117 237
24881 273
27646 303
30411 332
33175 363
35940 393
38704 423
41469 453
L9763 543
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* All quantities of wrap are estimated over coated
pipe allowing for 1/8" coating thickness. No allow-
ance has been made for waste, For machine applica-

tion,
ete,

allow 3% to 5% additional for waste, patching,
For hand wrapping, double the amount of lap.




5.1,2.2 Relntoreine: Wrapper., Wrappers (impregnated or
non-1impregnatcd) are alco used for reinforcing enamel coat-
ings. (For reference see AWWA Specification C-203-62;
Federal HH-N-466B.) Used between two layers or enamel, they
are applied to increase coating strength and prevent cold
flow. Open weave glass wrappers are often pulled into the
enamel so only one heavy coat is required. These may also
be used with cold= applied coatings.

Reinforcing wrappers should be surrounded by coating and n»nt
in contact with the structure, to be fully effective. As
with outer wraps, reinforcing wrappers of fabric or soft
glass should be avolded. Rag fibers protruding from coating
can absorb moisture, waterlogging the entire reinforcing
wrapper., This is especilally damaging at polnts of structure-
to-wrapper contact.

Reinforcing wrappers are available in rolls of standard
widths and lengths,

5.4,2,3 Rockshield. Rockshield is a supplemental outer
wrap used to protect pipe in rocky ground. This may elimin-
ate dirt or sand trench padding, by cushioning pipe during
installation and service, It 1s tar-impregnated fiber board,
available in slabs 1/8" to 1/4" thick. (See Table 5-11 for
standard slab dimensions and coverage data.)

It 1s usually strapped or taped in place circumferentially,
and does not exhibit a uniform bond to the structure.
Water can become trapped beneath it. (Sometimes, however,
1t 18 "sealed down" with hot enamel to prevent slippage.)
Therefore, rockshield should be used only with well-coated
lines. Another application is padding under river clamps,
welghts and hold-down anchors,

5.4,2,4 TLoose Polvethylene Sleeves. Loose fitting,

unbonded poLlyethylene 1n sheet or tube form has been used
recently as a wrapper for buried, uncoated cast-iron pipe.
It is installed by elther of the following two procedures:

(1) Polyethylene sheet, formed into tubes of con-
siderably larger dilameter than the pipe, is cut to the
length of individual pipe sections, placed around them, and
sealed with tape.

(2) Sheet polyethylene, cut to fit a pipe section,
is wrapped, overlapped, and secured circumferentially. by tape.

Thils coating does not provide complete sealing of metal from
ground water or air and 1s not designed to prevent seepage.
However, foreign material 1s kept from directly contacting
the metal structure.
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3 Table 5-11 ﬁ
Typlcal Widths, Lengths of Rockshield Slabs :
Standard Widths (Inches) 17 to T2 ;
Standard Iengths (Inches) 36 to 120 3
% Nominal Actual Squares Requi.'ed f
3 Pipe Pipe Recommended per . ;
4 Diameter Diameter Thickness Width length . es ' :
3 (Inches) (Inches] (Inches) (Inches) (Feet) 'of Pipe of Pine !
2 2.375 1/8 12 8-0  10.0 53 ) :
2-1/2 2.875 155 12 8-0  10.0 53 ;
3 3.500 1/8 15 8-0 12.5 66 ]
3-1/2 4.000 1/8 15 8-0 12,5 66 i
4 4.500 3/16 15 8-0  14.2 75 .
4-1/2 5.000 3/16 1 8-0 15.0 79 ;
5 5.563 3/16 20 8-0 16.7 88 i
6 6.625 3/16 24 8-0  20.0 106 ,
7 7.625 3/16 27 8-0 22.5 119 :
8 8.625 316 30  8-0  25.0 13 }
9 9.625 3/16 34 8-0 28.3 149 :
10 10.750 3/16 36 8-0 30.0 159 :
11 11,750 3/16 Jo 10-0  33.3 176 ;
12 12.750 3/16 4 10-0  36.7 194 |
13 14,000 3/16 48  10-0  Lo.0 211 i j
14 15.000 3/16 51 10-0 2.5 224 ;
16 16,000 3/16 54  10-0  45.2 239
18 18.000 3/16 60 10-0 50.0 265
20 20.000 3/16 66 10-0 55.0 290
22 22,000 3/16 T2 10-0 60.0 317
2l 24,000 3/16 72 6-8  66.7 352
26 26.000 3/16 72 7-2  T71.6 378
28 28.000 3/16 72 7-8 76.6 Loy
30 30.000 3/16 72 8-2 81.6 431
32 32,000 3/16 72 8-8 86.5 us6
34 34,000 3/16 72 9-2  91.6 484
36 36.000 3/16 72 10-0  100.0 528




A study of polyethylene wrappers was made by The Cast Iron
Pipe Research Assoclation (reference 15), with some good
results reported. One theory advanced for this 18 that oxy-
gen, iIn the presence of ground molsture under polyethylene,
is depleted during an initlal corrosion reaction at the sur-
face of cast iron. Once this oxygen is used, no more is
avallable, and no further corrosion can occur,

SO POy

While 1t 1is true that, even for steel, depletion of oxygen
willl prevent some types of corrosion; other types of corros-
ion (that caused by anaerobic sulfate-reducing bacteria in
particular) will accelerate in the absence of oxygen. Also,
the reported effectiveness 1s at least partially because pro-
ducts of corrosion of cast iron are retailned by the free
graphite constituent of pipe to form a barrier. Corrosion
procducts of steel will not adhere in thils manner,

The effectlveness of loose fitting, polyethylene pipe

sleeves 1s at best debatable. By requiring bonded coatings

and cathodic protection for pipes transporting hazardous ‘
liquids or natural gas, the Department of Transportation in
effect prohiblts using loose sleeves for such applications.
(Cathodic protection - assuming remote anodes - cannot be
applied beneath unbonded coatings.)

5.4.2.5 Loose Polyethylene Wrappers for Tanks. Loose
fitting polyethylene wrappers have been suggested for use as
total corrosion protection for buried steel tanks. The
soundness of this application is questionable. The same
problems assoclated with loose fitting pipe sleeves apply to
tanks. 1In addition, corrosion products of steel are not re-
talned as they are in cast 1lron. Consequently, when corros-
ion ocecurs, fallure is often more imminent than with cast
iron. '

5.4.2.6 Tape Coatings. Several types tape are used for
full coating systems. Some are hot-applied; others, cold-
applied. As with any coating, hot-applied tapes when prop-
erly appiled to clean, dry metal serve better underground.
Cold-applied systems generally achleve no more than a five-
year life or so underground. As with non-tape cold-applied
coatings, cold-appllied tape may be specified when hot-
applied coatings are not feasible for mechanical and econom-
1cal reascns.

a. Hot-Appllied. Several hot-applied tape coatings
are used. (For ireference see Federal Specification
HH-T-30a.) These are basically similar, consisting of organ-
ic or 1norganic fibers impregnated and thoroughly coated with
coal-tar pitch. Plastic fi1lm 1s embedded into this as both
separator and outer wrap. These coatings are best applied
over primer compatible to coal-tar pltch. Tape c¢oatings
using organic (cloth) fibers are easler to apply but
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generally inferior to those using inorganic (usually glass)
fibers, Organic matter can rot, providing an environment
which can support bacterial corrosion.

Specifications for a typical hot-applied tape are given here.

Tape Coating §Hot-AEpliedf
ape-form hot-applied coal-tar coating system shall consist

of one coat of coal-tar primer, and a single layer of cape.
Primer shall be compatible with the coal-tar tape coating
and shall be cold-applied to clean dry surfaces. The coat-
ing tape shall consist of a plastic film embedded in pliable
coal-tar coating, bonded and impregnated into high-tensile
strength fiber glass fabric base completely saturated with
coal-tar piltch., Coal-tar coating shall have the following
general propertlies:

Softening Point 170°F-175°F (ASTM E-28)
Penetration at 77°F 8 (ASTM D-5)

Thickness 58 mils * 2

Dielectric Strength 12 KV (Exceeds)

Salt Crock Test Passes (ASTM G-8

~ Cathodic Disbonding)
Meets Federal Specification HHT 30a
Meets AWWA Specification C203-71
Compatible with coal tar, asphalt, polyethlene, poly-
propylene and epoxy mill or yard coating.

Application shall be either splral or clgarette wrap. For
the spiral wrap after initial priming, the torch flame shall
be flashed on coating side of tape (not film side if tape
has plastic film). Coating side shall be applied to surface,
alternately heating and then spirally wrapping in single
thickness with 1/2" minimum overlap of tape. Any plastic
film must be flashed off the overlapped area. For the cig-
arette wrap after initlal priming, strips of tape shall be
cut to circumference of pipe plus 2 inches and applied to
pipe circumferentlally, heating as above.

Manufacturer's specifilcations, for the particular tape used,
should be consulted. It 1s also advisable to have manu-
facturer's field representative to instruct application crews
and periodicaliy monitor the work.

b. Cold-Applied. Cold-applied tapes of many kinds are
used, generally only where hot-applied tapes are infeasible,
Some are used without primers, although in general thils im-
proves metal-to-coating bond. Uses other than complete
coating systems are:

Coating welded Joints,

Small Jjobs where economics make use of equlpment for
hot-applying infeasible,

Patching damaged sections of mill-wrapped pipe for
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installation, .
Patching f'or repalrs to c¢xcavated lines,

One type conslsts of a coal-tar material or coal-tar-resin
compound bonded to a plastic outer film, applied over a
coal-tar base primer. Other tapes used are made from
plastics (usually polyvinyichloride or polyethylene), ap-
plied to primed surfaces, These may be adheslive, rubber-
backed, or used in combination with microcrystalline wax.
Paper outer wraps may be added.

Cold-appllied tapes are frequently less costly than other
underground coating systems; they require less equipment
and fewer tralned personnel for installation. However,

their relatively short in-service life (about five years)
limits theilr use.

5.4.2,7 Other Wrappers. Dielectric wrappers made of
various thin-TIIm plastIcs (acetate, polyester, mylar) are
sometimes used to improve a coatlng's electrical strength.
These may be bonded to a reinforcing mat or fabric to pro-
vide improved mechanical and electrical properties, Di-
electric wrappers are often used over microcrystalline wax
or grease-based coatings.

5.5 INHIBITORS. From a corrosion standpoint, an inhibi-
tor is a substance which, when added to the environment in
proper amount, eliminates or sharply reduces corrosion.
Inhibitors are especlally important in water, steam, and
condensate lines, although they are used in many other en-
vironments,

Inhibitors generally reduce corrosion by polarizing the
anode (anodic inhibition) or cathode (cathodic inhibition),
or by forming deposit on the metal surface, increasing cir-
cult resistance (general inhibition).

5.5.1 Polarization Diagram. Polarization, discussed in
paragraph 3.7, 18 a change In potential of an electrode
because of a current flow. Examination cf polarization

diagram similar to Flgure 3-7 reveals how inhibitors can
affect polarization.

Anodic inhibitors increase polarization of the anode

(Figure 5-2a), reducing corrosion current (AI). This means
corrosion 1s retarded.

Cathodic inhibitors 1ncrease polarization of the cathode,
also reducing corrosion current (AI) (Figure 5-2b). Most

inhibitors actually affect both electrodes, one more than
the other.
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3 Figure 5-2 :
EFFECT OF INHIBITORS ON POLARIZATION DIAGRAMS




General inhiblitors form a {'iim or deposit on the nmctal sur-
face, increasing overall cilrcult resistance. The result 1s
decreased corrosion current, as with other mechanlsms,

5.5.2 es of Inhibitors. In addition tc classification
by method of polarization (anodic, cathodic, general), some
inhibltors are differentiated in other ways. Important
types are discussed here,

5.5.2.1 Passivating Inhlbitors. Passlvation was dis-
cussed in paragraph 3.8.1. Envlironments which passivate
steel and other susceptible metals contain anodic inhibi-
tors called passivating inhibitors. The film formed by the
inhibitor on actire-passive metal 1s cathcdic to bare metal,
If this fi1lm does not cover the entlre surface, corrosion
may increase due to the area effect (paragraph 3.2.3.3.a).
This can occur if insufficient passlivating lnhibitor is
present.

Examples of passivating inhibltors which affect steel are
chromates, nitrates, and nitrite lons (no oxygen present).
Others, such as phosphate, require oxygen.

5.5.2.2 Vapor Phase Inhibitors. Vapor phase inhibitors
are volatile compounds used 1n a closed system, which travel
as vapor, condensing on the corroding metal. There it forms
protective lons (such as nitrites to passivate steel),
Compounds such as dicyclohexylamine nitrite and others in-
hibit corrosion of boiler condenser tubes and closed ship-
ping containers in this manner.

5.5.2,3 Organic Inhibiltors. Organic inhibitors are
usually classIfied under "general control", because they
affect both anode or cathode to varying degrees. The gener-
al mechanism of this class 1s formation of a surface film,
a few molecules to several thousandths of an inch thick.
Sulfonates and various amlnes are commonly used organlc
inhibitors.

5.5.2.4 Precipitation Inhibitors. Precipitation inhib-
itors also fall into the "general control" class, in produc-
ing precipltate fi1lms over the entlre metal surface,

Common precipitation inhibitors are phosphates and silicates,
used 1in water, Sillicate forms a protective film over steel
in aerated, low-salinity water, such as clty water supplies.
The amount of silicate required, determined by the satura-
tion index, 1s influenced by water composition and pH.

Phosphates require motion and the presence of calcium and
oxygen to be 1lnhlbitors. Both phosphates and silicates,
being non-toxic, are useful for inhilbiting potable water
supplies. Chromates or nitrites, more effective inhibitors,
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are toxlic and cannot be used.
5.6 INSULATION,

5.6.1 G@eneral Application., Dielectric material is used
to electrlcally 1solate one structure from another. Rea-
sons for this are:

To separate dissimllar metals, preventing galvanlc
corrosion,

To separate structures with different surroundings
or different coatings, preventing corrosion due to dissimi-
lar environments,

To prevent contact between carriler pipes and casing
S To sectlonalize one cathodlc protection system from
another., One system may be in an environment different from
that of another section or have a different quality of coat-
ing, requiring higher current denslty for protection, or one
section of a plpeline may not require cathodic protection
whereas the adJacent sectlon may require protection,

To prevent cathodic protection current from flow-
ing onto foreign structures,

To 1solate bare electrical cable exposad at
splices, connections or other places where current could
leave the cable. This also prevents water or other undesir-
able material from contacting the wire,

To insulate pipes or cables from concrete or
masonry,

To 1nsulate sections of line from each other to
increase total circuit resistance to reduce stray current
flow,

The purpose of dielectric insulation is defeated, and insu-
lation 1s not effective, 1f low-resistance metalllc paths
are inadvertently provided around insulation. Dielectric
insulation can be “"shorted" by metallic hangers or supports
connected to steel building beams or other structures,

Care must be taken to avold physical contact between an
insulated structure and other buried metallic facilitiles,
including bullding steel. "Bypassing" with parallel pipes,
beams, et:z. should be avoided. Insulating material must
not be cracked or forced between unaligned fittings. Molis-
ture, mud, etc. must be kept away from insulating material,
and any buried insulation must be thoroughly coated before
it becomes molsture saturated.

When insulation 1s used between two different, or sections
of the same, underground structures, it never completely
(produces infinite resistance) electrically isolates them.
This is because the resistance between any two burled sur-
faces 18 the sum of their individual surface-to-earth inter-
face resistances, It 18 not uncommon to 1install effective
dielectric insulators and then measure resistance across
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them only to find that it is less than 1.0 ohm. This 1is
effective 1nsulation, however, because corrosion voltages
are proportionally small.

Insulation effectiveness can be best determined by testing
and inspection both during and after installation. Impres-
sing a voltage across the insulated Jolnt and measuring
current flow or resistance Indlcates insulation effective-
ness. A "Megger", or a battery-powered "Vibroground" may
be used for this test. The resistance should be infinite
when the insulating fitting is tested before 1ts connection
to piping. It will usually be much less when buried piping
or other metal 1s connected to either or both sides. A
test station with four connecticns (two on each side of the
joint) are required for accurate resistance measurements of
buried insulated fittings (paragraph 5.8).

5.6.2 Types.

5.6.2.1 Insulation Through Walls. Insulation is often
used on pilpes entering bullding walls to electrically lso-
late them from the walls themselves or other metallic struc-
tures in them. This also prevents the structure from pick-
ing up stray currents in the wall whlch could cause corros-
ion. Where the line is being cathodically protected under-
ground outside the wall, this insul "tion minimizes loss of
current to other metallic structures through the wall.
Figure 5-3 shows an insulation system, for pipe going
through a wall. (An air space, rockshield, or pipeline
felt might also be inside. This type insulation is also
used around plipe contactling both concrete and soil at vari-
ous sections (such as radiant heating piﬁe) to prevent
gsoll-concrete cell corrosion (paragraph .33.

5.6.2.2 Insulated Fittings. Insulated fittings are
used to electrically Isolate one section of a structure
from another section of the same structure. Pipe fittings

which are commercially avallable as insulators of dielec-
trics are:

1. flanges
2. unions

3. couplings
4, nipples

Flanged fittings are 1nsulated with a gasket between flange
faces and with sleeves and washers for the flange studs,
Asbestos, or reinforced plastics are commonly used for
flange gaskets, Mylar or phenolic materials make up washers
and sleeves which 1solate flange studs, Washers are nor-
mally 1/8" thick; sleeves, 1/32" thick. Typical insulated
flanges are shown in Figure 5-4,
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Screwed fittings commonly insulated are nipples, unions,
and couplings. These are used on threaded pipe. Typical
examples are shown in Figures 5-5 and 5-6, Although insu-
lated couplings are available as reducers, usually stand-
ard couplings supplemented with bushings are used for
Jolning pipe with different size threads.

5.6.2,3 Splice Insulation. Often in corrosion con-
trol burled electrlcal cables require splices; these may
be taps at anodes in cathodic protection systems or other
underground splices. A typical anode-to-header cable
splice is shown in Figure 5-7. After these connections
have been made, they must be well-insulated., A field-
molded or cast-epoxy resin coating having an insulation
value, and resistance to deterioration, equal to or better
than the cable insulation is available in kit form.

The plastic mold body 18 placed over the entire connection.
Epoxy resin 1s activated by squeezing and kneading the
package in which it 1s contalned, along with a catalyst,
untll it 1s mlxed thoroughly. When the color is uniform,
the resin 1s immediately poured. The resin hardens in a

few minutes at normal ambient temperatures., These insulated
splice kits are designed to be water-tight and insulate the
splice as cable insulation does the cable.

5.6.2.4 Casing Insulators and Seals. Casings are
sometimes requlired at road crosslngs, river crossings and
other areas where required by Federal, State, or Local
Codes, or actual physical conditions, They consist o+
larger diameter pipes enclosinﬁ the carriler pipes. Thelr
use is discouraged (paragraph 4.15.4)., However, casing in-
sulators, cradles and end seals should be installed, and a
pige-to;casing test station should be included (paragraph
5. 0103 .

Casing insulators (spacers) and cradles are generally plas-
tic: high-density polyethylene or a phenolic material.
They electrically isolate the carrier pipe from the metal-
1ic casing. They also serve to absorb some of the shock
from the road traffic. Sufficient spacers should be used
to support the carrier pipe load; the two end units should
be located not more than one foot from casing ends, shown
in Figure 5-8. Centering cradles may be used in lieu of
two spacers located at casing ends 1f necessary. Cradles
have larger runners and serve to center carrier plpe at
casing ends to prevent accldental metal-to-metal contact,
A typical casing insulator installed on a pipe is shown in
Figure 5-9, Casings should always be pumped dry and swab-
bed before installing carrier pipe.
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EPOXY INSULATED ANODE-TO-HEADER CABLE SPLICE

Flexible molded seals should be installed on ends of casing
to exclude water, soll and rubbish from entering casing.
Casing ends should be carefully cleaned on the exterilor,
and two coatings of bituminous primer should be applied be-
fore installing end seals to assure a watertight Joint.

A typical end seal installed on a pibe is shown in Flgure
5-10, Various end seals, insulating spacers, and cradles
appear in Figure 5-11.

5.7 BONDING.

5.7.1 Reasons for Bonding. A bond is a metallic connect-
ion between two sectlions of structure or two different struc-
tures to carry electrical current. They are used when a
voltage exlsts which will cause current flow from a metal
surface to earth, corroding that metal. Bonds are installed
as current-carrying bypasses, and, to be effective, the re-
sistance through them must be less than the parallel struc-
ture-to-structure resistance.

Bonds are commonly installed across nonconducting (mechani-
cal) pipe fittings, between structures (pipes, tanks, buried
cables, building structures, and so on), to allow cathodic
protection or stray currents to flow. Sometimes resistors
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ROAD CROSSING CASING

and/or reverse current switches are included with bonds.
Bonding often connects dlssimllar buried metals together.
Unless carefully engineered for the particular condition,
these could be detrimental.

Bonds may also be required for safety. For example; where
stray or cathodic protection current flows on a buried pipe-
line containing volatile oll or gases, a temporary bond 1is
needed during repairs. When a section of pipe 1s cut out
with no alternate path for current (such as an adjoining
plpeline), sparking can occur. Even if "mud-packing" or
other methods of seallng the line are applied, explosive
fumes may still be present. A temporary bond, welded to

the pipe before cutting into it, can prevent sparking by
providing an alternate path for current flow, If the only
voltage difference 1is due to impressed current cathodlic pro-
tection, another means of preventing sparking 1s turning
off the rectifiers., It 15 best to cstablish safety proced-
ures for repalr work to determine what precautions are
required.
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Figure 5-11
! VARIOUS END SEALS, SPACERS, AND CRADLES
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‘Temporary bonds may also be nceded where ship:, alrplanes,

or triucks are rctfueled., Underground refucling systems often
receive cathodic protection. Stray currents may also be a
problem. A potentlal difference between the underground re-
fueling system and vehicle or plane can cause sparking and
explosions. Temporary bonding or rectifier turn-off may be
needed. Agaln, the necessity of safety precautions can be
established by measurements, to determine voltage dilfererices.

5.7.2 Method. Bonds between underground structures con-
sist of insulated copper cables, thermit-welded or brazed to
structures, to provide paths for cathodic protecticn current
to pass between them. They must be installed across Joints
in cast-iron pipelines for electrical continuity. On fire
protection lines, valves and hydrants must also be bonded.
Connections are to be thoroughly coated with coal-tar epoxy
or hot coal-tar enamel and pipeline felt so no bare copper
1s exposed to soil or moisture. If bonds between structures
and across joints are not installed properly, cathodic
protection current can damage metal.

Typical bond installatlon for various joints are shown in
Figures 5-12 to 5-14. Floating flange and Dresser Coupling-
type Joints require additional connections to insure electri-
cal continuity of all sections of the Joint.

Interference bonds between adJacent structures include a
shunt for current measurement and resistor of value calcu-
lated to drain Jjust enough current to eliminate stray cur-
rent corrosion, The resistor and shunt are enclosed in a
test box. If resistance value is too high, some corrosive
current may stilll leave the pipe. If resistance 1s too low
and one llne 1s cathodically protected, protective current
will be wasted on the foreign line.

Where stray current can reverse direction, as in a multiple-
substation electric railway, reverse current switches may be
required. Such switches prevent serious corrosion where re-
versed current discharges to ground. Several svitch types
are avallable. The dlode type uses a silicon diode with
germanlum stack to interrupt reverse current. It can, how-
ever, rectify stray current. Also, monitoring a dilode
swltch requires expensive equipment., A failed switch be-
comes open or a solld bond.

Another type switch employs a polarized relay. The relay is
self-actuated, operating on the current flowing through it,
In order to eliminate flow of large currents through the
relay, a current conductor may be added with set voltage
limits to open and close it., This type switch is difficult
to adjust in the fileld and requires constant maintenance.
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Stab Joint
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Figure 5-12
STAB JOINT BOND

5.8 TEST STATIONS, Test stations are used at points
where the structure or soil is otherwise inaccessible for
testing (underground or underwater)., They consist of wires
attached to the structure and led to a convenient point so
that various electrical measurements can be taken after in-
stallation, A soil test station (test access hole), which
contains no wires, is a means of contacting soil through
corcrete or asphalt for measuring structure-to-soil poten-
tials.

Test leads connected permanently to a buried structure have
these advantages:

1. Time saved in locating line and making connec-
tions,

2. Good connections to pipe assured with a minimum
of effort.

3. Readings easily repeated at the same location for
comparative purposes,

4, Not necessary to break coating when making elec-
trical contact,
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5. Where a post is used to hold a terminal box for
leads, it can also be used as a marker.

Struicture test statiors consisting of two or more lead wires
can be installed on newly-constructed lines and older ones
being placed under cathodic protection or subject to stray
currents from direct current machinery or cathodic prctection
applied to foreign structures. The following considerations
can determine the location of test installations:

l. Critical points tc test effectliveness of applied
cathodic protection. (Usually determined by initial surveys.)
2, Points where an exchange of current has been
noted, or is likely to be experienced. (Foreign line cross-

ings, etec.)

3. Points conveniently spaced for the purpose of de-
tecting changes. (Spacing depends upon type of protection
employed, number of protection units used per length of line,
condition of coating, and density of population.)

Specific types of test stations arc described below. Wherc
test leads are included, solid number 12 typce TW wire with
RIIW-USE or MMIVPL insulation of suitable color code can be
used, thermit - welded to the structure and the weld

coated. Stranded Yo. 12 wire cannot be thermit' - welded.
Test leads are run from the structure to an easily acces-
sible test box (Figure 5-15). A grade-level test box
(Figure 5-15a) is set in concrete or asphalt to prevent set-
tling. An above-grade test box (Figure 5-15b), mounted on

a pole or building wall, is threaded into galvanized conduit
through which the leads pass. (Above-grade test boxes are
preferred,) 1Inside elther type test box, cable ends may be
taped to prevent contact, or connected to shunts or a term-
inal board (Figures 5-16 and 5-17). Shunts are generally
used where current measurements are required; a terminal
board 1s for easy connection where a number of leads are
present,

5.8.1 Types of Test Stations.

5.8.1.1 Test Access Hole. A test access hole (Figure
5-18) makes soll beneath asphalt or concrete accessible for
structure-to-soll potential measurements. A piece of 3-inch
PVC rigid plastic condult fitted with a 3-inch threaded
coupling and pipe plug can be used, The top of each test
access hole assembly 1s installed at the final elevation of
finished pavement in that area. The bottom 1s cleaned out
and kept free of stones and debris.
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Figure 5-18
CATHODIC PROTECTION TEST ACCESS HOLE

5.8.1.2 Permanent Electrolyte-Contact. Another method
of obtaining contact To soll for voltage measurements is a
permanent electrolyte-contact station. Electrodes, usually
pure zinc in packaged backfill, are installed underground
at key points near the structure., Iead wires arc terminated
in test boxes for use in measuring structure-to-soll poten-
tial, 2inc electrodes without backfill may be used with
submerged structures. Permanent reference electrodes of
the same materlal as the structure are also used., Attempts
to develop copper-copper sulfate electrodes for permanent
installation are underway. '

Permanently-installed electrodes are of doubtful value.
Polarization films can form, and values of electrode-to-
earth potentlals can become unstable. In general, more
accurate potential wvalues can be obtalned in inaccessible
areas with a test access hole and a standard reference
electrode.
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5.8.1.3 Insulation Test Station. Figure 5-19 illus-
trates test leads installed at an insulated flange. Its
effectiveness can be best determined by testing and inspec-
tion during and after installation. Impressing a voltage
across the insulated joint and measuring current flow or re-
sistance 1ndicates insulation effectiveness., A volt-ohm-
milliammeter, a "Megger", or a battery-powered flange tester
may be used for this test

Reslstance should be infinite when the insulating fitting is
tested before connection to piping. It will usually be much

. less when buried pliping or other metal is connected to

elther or both sides. Two No. 12 test wires are installed,
one on each side of the flange. To facllitate installation
of a future bond, if required, an extra set of heavier wires
(No, 4) are also connected across, These can pass through
another test box contalning the resistor and an ammeter or
the same box. (Although the resistance in No. 12 wire is
negligible, heavier wire offers the protection of added
mechanical strength,)

5.8.1.4 Hydraullic Cylinder-to-Casing Test Station. The
sleeve found around most hydraullc elevator cyllnders must
be tested for electrical contact to the cylinder and to the
building structure. Thls is Important so that proper consid-
eratlon can be given to using 1t as an anode in designing
cathodic protection, This testing requires installation of
test wires as shown in Figure 5-20, Two No. 12 TW test wires
are required on each structure in order to obtain accurate
resistance measurements., One heavier, No. U4 wire per struc-
ture 1s required in case cylinder and casing become shorted
to each other. These two wires are then bonded together to
insure electrical continulty for cathodic protection or
stray current drainage.

5.8.1.5 Pipe-to-Casing Test Station., As discussed in
paragraph 4.15.4) pIpe-to-casIng resistance affects cathodic
protection efflclency. Accurate resistance measuremant
_ requires installation of two test
leads on each structure, as shown in Figure 5-21. This
method elliminates the efrects of contact reslstance, import-
ant because plpe-to-casing resistance may be only a few
tenths of an ohm on bare pipe to 2 ohms, or better, on
coated pipe. Ohmmeters or cilrcuits employlng only one con-
tact to plpe and one to casing should not be used since
erroneous readings can result,

5.8.1.6 Foreign Line Crossing Test Station. A test
station located where a forelgn line crosses a protected
line is shown in Figure 5-22, The lines may also be paral-
lel. One No. 12 test lead 1s attached to each line (with
permission from the owner of the foreign line) for making

206

v

i e i




No. 7-Strond Copper Cable,
re RHW-USE, or
yethylene Coble

Terminate Wires

in Test Box No,12 TW Test
Wire
Red .
Insulation )\\
No.12 TW, Test Wires / -
Black —* Thermit Weld Wires

Insulation ﬂ» to Pipe, Loop Around

ond Coat Connection

l

Flange, with Dielectric Insulation

«»/’
,(

Minimum Inside
Box Dimensions
A L C
24" See See
24" Note Note

Note: B & C dimensions must allow a 3" minimum clearance
outside diamet=r and inside box surface.
Figure 5-19
ENAMEL BOX AND *EST POINT FOR UNDERGROUND INSULATING FLANGE

Thenmt Weld and
Coat Connections

between flonge

L el i

bl i




No. 4 HMWPE Copper Wire
o 12 jolld Copper Wire,

No. 12 TW Solid Copper Wire,
Red Insulation

No. 12 TW Green Insulation

No. 12 TW Orange Insulation
No. 4 HMWPE Copper Wire

V4

b

Note: HMWPE Insulation Used on
No. 4 Cables Becouse of Their

- ¢ - r Py ( :, N
— ) »
s
< ? s » ) ~ ¢
— ) s - ’ v° hd
7
’ Thermit Weld and
Elevator Mit, Coat All Lead Wires
Concrete Floor

(Casing) Sleeve —e»

] Hydraulic
Cylinder
Figure 5-20
HYDRAULIC ELEVATOR TEST WIRE INSTALLATION

4

PRI




Terminate Wires in Test Box

Thermit Weld Wires As Shown, 4
Loop Around Structure.Coat
No. 12 TW Test Wires Connections

Carrier
Pipe

Casing Bushing Casing
Figm 5-21
PIPE CASING TEST STATION

various measurements such as current flow and direction,
voltage difference, and for bond calculations. If current
flowing on one structure affects the other, a bond may be
required to drain current from the affected structure back
to the originating system., The heavier, No. 4 wires, one
on each structure, are used for bonding.

5.8.1.7 Anode Test Station., Galvanic anode test sta-
tions are often Included as part of normal installation to
facilitate reading current, structure-to-soll potential,
and other electrical measurements, A typical one for a
single anode (Figure 5-23) consists of two No. 12 TW test
wires thermit-welded to the structure, one of which is sold-
ered at the other end to a copper shorting bar, also con-
nected to the anode lead wire(s), providing a direct connec-
tion between anode and structure and an easy means of meas-
uring current. The free ends of the remaining test wire 1s
connected to a separate terminal,

This type test station 1s normally not required at every
anode locatlion in a distributed bed. Where several point
beds are used, however, galvanic anode test statlons are
often included at each connection to structure. Exact place-
ment depends on the specific installation.
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A typical test station for a distributed bed of galvanic
anodes on gathering wires is shown in Figure 5-24, Shunts
may be used in place of copper shorting bars to facilitate
current measurements,

5.8.1.8 Two-Wire Test Station. A typical two-wire
test station (Figure 5-25) conslsts of two No. 12 TW test
wires thermit-welded to the structure at a known separation,
commonly three diameters on pipe. Free ends are terminated
in a test box for use 1in measuring voltage crop and deter-
mining current flow,

5.8.1.9 Three-Wire Test Station. A three-wire test
station (Figure 5-26) consIsts of a standard two-wire test
station with an additional heavier test lead, often a No.4
cable, thermit-welded to the structure. Heavier cable is
included to facilitate future bonding, for example, where
a future installation 1is to be installed.

5.8.1.10 ' IR Drop Calibration Test Station. Figure 5-27
shows a standard test statlon InstallatIon for IR Drop cali-
bration, as can be appllied to new pipeline construction and
also older,existing lines, Through use of two posts on the
latter, expensive trenching 1s eliminated, Care must be
‘ taken, however, that the distance "L" is not greater than
3 the length of test leads which can be easily handled by the
field man, The two posts can be located one each in the
usual fences found on opposite sides of roads and highways.
Standard color coding of wires eliminates guess work when
measuring line current flow, While a typical two-wire test
station would actually be sufficient to make necessary meas-
urements, advantages offered by the four-wire installation,
at a slight additional cost, are as follows:

1. The red and green leads can be used for accurate current
measurements, after they have been calibrated by applying
current to the black and whilte ones, to arrive at an ampere
per millivolt factor for the test station. (In this way
we1§ht and composition of structure or an exact measurement
of "L" are not required for the conversion of data to
amperes, )

2. Simultaneous readings can be easily obtalned at each
test station, through use of two or three recording meters,
indicating meters, or combinations. (For example, it might
be desirable to get line current and pipe-to-soil reading
at the same time, or elther of these, or both; together
with a voltage to a forelgn structure.)

3. If it is necessary to connect the plpeline to another
plant, one lead can be used, leaving the rest available for
test purposes,

I, Continuity of each test lead can easily be checked out
and, 1f one 1s broken, a drop is still avallable for current
measurements,
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The distance between the red and green wires designated as
"L" can be equal in feet Lo some multiple of the resistivity
per foot of pipe, a distance determined by physicai charact-
eristics of the pipeline right-of-way, or a convenient
length chosen for purpose of standardization., (For example,
a 100 feet distance could be used.)

5.9 CATHODIC PROTECTION, The National Assoclation of
Corrosion Engineers in their Standard RP-01-69, "Recommended
Practice (for) Control of External Corrosion on Underground
or Submerged Metallic Piping Systems" defines cathodic pro-

"A technique to prevent the corrosion of a metal surface

by ma%ing that surface the cathode of an electrochemical !
cell,

Cathodic protection does not really eliminate corrosion; it
controls corrosion by keeping it entirely confined to selec-
ted pleces of metal which are replaced periodically. An
artificial corrosion cell is formed by installing replaceable
anodes which corrode causing :urrent to flow from them
through the electrolyte onto the protected metal, which thus
becomes the cathode of this corrosion cell. (Cathodic pro-
tection current 1s superimposed on corrosion currents,)
Currert 1s either supplied to cathodi~ prectection anodes by
an external adjustable D,C. power source or natural voltage
between anode materlial and protected structure material.

Cathodic protection is an effective, commonly used means of
mitigating corrosion of buried and submerged metal structures.

Some criteria for determining when cathodic
protection 1s needed and ifs limitations are mentioned here
as an introduction,

5.9.1 Criteria for Using Cathodic Protection. As with
other corroslon control methods, cathodlc protection 1is
appllied to metal structures largely because it would be im-
practical to use more noble metals or non-metals and because
the so-called "perfect" coating does not exist.

Cathodic protection may be required for c¢c nomics, safety,

or continuity of operation. Surveys to determine the need
for cathodic protection are made on existing structures or
estlmaced prior to construction of new facilitles. Exact
current requirements can never be determined until the struc-
ture has been bullt and in contact with 1ts environment for
from six months to two years., Factors considered in surveys
follow no well-defined rules, but guidelines for sound engi-
neering do exlst., When cathodie prote~tion 1is designed, it
1s generally most economical to use it 'n conjunction with
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other means of control as coatlng, bonding, and insulation.
Tnls is especilally true for new construction,

5.9.1.1 Department of Transportatlion Regulatlions. The

Department of Transportation requires in 1fs Minimum Federal
Safety Standard (Title 49, Chepter 1, Section 192- see
Appendix B.) that burlied or submerged pipelines transport-
ing natural or other gas must have a coating and cathodic
protection system

"... designed to protect the pipeline in its entirety

in accordance with this sub-part, installed and placed
in operation within one year after completion of con-
struction,

"(b) An operator need not comply with paragraph (a) of
this section, if the operator can demonstrate by tests,
investigatlion, or experlence 1n the area of appllcation,
including, as a minimum, soll resistivity measurements

" and tests for corrosion accelerating bacteria, that a

corrosive environment does not exlst., However, withinr

6 months after an installation made pursuant to the pre-
ceding sentence, the operator shall conduct tests, in-
cluding pipe-to-soll potential measurements with respect
to elther a continuous reference electrode or an elec-
trode using close spacing, not to exceed 20 feet, and
soll resistivity measurements at potentlal proflle peak
locations, to adequately evaluate the potential profile
along the entire plpeline, If the tests made indlcate
that a corrosive condition exlists, the plpeline must be
cathodically protected 1n accordance wlth paragraph
(a)(2) of this section,

"(¢) An operator need not comply with paragraph (a) of
this section, if the operator can demonstrate by tests,
investigation, or experience that -

"(1) For a copper plpeline, a corrosive environment does
not exist; or

"(2) For a temporary pipelinc with an operating perilod
of service not to exceed 5 years beyond installation,
corrosion during the 5-year perlod of service of the
Pipeline wlll not be detrimental to publlc safety,

'(d) Notwithstanding the provisions of paragraph (b) or
(c) of this section, if a pipeline 1s externally coated,
1t must be cathodically protected in accordance with
paragraph (a) (2) of this section.

'(e) Aluminum may not be installed in a buried or sub-
merged pilpellne i1f that aluminum 1s exposed to an en-
vironment with a natural pH in excess of 8, unless tests
or 'experience indicate 1ts sultabllity in the particular
environment 1uvolved."

Hence, 1f the operator cannot prove that cathodic protection
1s not required, he must install it. A similar requirement
1s covered 1n reference to'transportation of hazardous
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liquids by pipeline (Appendix B, ). In addition to PFederal

regulations, all states elther have or are prepariang similar
codes, some more stringent than the Federal ones. In these
cases, the stricter state requirements must be followed,

5.9.1.2 Natlonal Association of Corrosion Engineers
RP-01-69, In 3tandard RP-01-69, the National Assoclatlon of
Corrosion Engineers glves guldelines for determining the
need for corrosion control of burlied or submerged metallic
structures.
"3,2 The declisions governing the need for corrosion
control should be based on data obtained from corrosion
surveys, operating records, prior test results with simi-
lar systems in similar environments, and on a study of
design specifications, and engineering, operating, and
economic requirements.

"3,2.1 Environmental and physical factors

"3,2.1.1 Corrosion rate of the particular metallic
piping system 1n a specific environment...

"3.2.1.2 The nature of the product being transported
and working pressure of the piping system as related
to design speclfications.

"3.,2.1,3 ILocation of the piping system as related to
density of population and frequency of visits by
personnel,

"3.2.1.4 Location of the piping system as related to
other facllities,

"3,2.1.5 Stray direct current sources foreign to the
system...

"3,2.,2 Economic Factors

"3,2.2.,1 Costs of maintaining the pliping system in
service for its expected life...

"3,2.2.2 Contingent costs of corrosion...
"3,2.2.3 Costs of corrosion control..."

5.9.1.3 General. A typical method of determining if
cathodic prectection is required is summarized here.

First, a corrosion survey 1is performed at the site to deter-
mine if corrosion control (coating, insulation, cathodic pro-
tection, bonding, etc.) 1s economically warranted. Field
teste, supplemented by laboratcory analysis, are made of solls
and waters in situ and of pertinent existing structures.
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Stray current 1s investigated. The feasibility and cost of g
alternate types of cathodic protection, of substitute mater- 3
1als instead of cathodic protection, of coatings, or of no &
protection at all are weighed. On new construction, the sur-
vey should be initiated as soon as possible after site selec-
tion. This permits time for anlaysis of recommendations,

necessary changes 1n design, and preparation of bldding docu-
ments,

Interpreting results of a corrosion survey 1s often compli-
cated, as many factors must be consldered. Generally, the
value of survey results depends on the knowledge of the engi-
neer, because experience is important in determining a poten-
tlially corrosive situation. Some guildelines to consider in
interpreting a corroslon survey are given here. None of
these guldes are foolproof or always valid, because so many
fa~tors must be conslidered. Such things as galvanic cells,

stray current, debris or cinders in the soil, differential

environment cells, stresses on the metal structure, soil
drainage - all these (existing and projected into the future)
plus others (Section 3) affect a buried or submerged struc-
ture's corrosion rate.

a., Soil Resistivity. A general correlation exists
between corrosivity and resistivity of soill (paragraph
3.2,.3.2). This was summarized in Table 3-1, repeated here
for convenience.

Table 3-1
Resistivity Anticipated s

Reslistivity Range Corrosion .
Classification ohm-cm, Activity '
Low 0 to 2,000 Severe
Medium 2,000 to 10,000 Moderate

High 10,000 to 30,000 Mild
Very High Over 30,000 Unlikely

These values apply to individual soil resistivity measure-
ments used as an indication or average of overall soil
resistivity.

Another method of analysis requires numerous readings at
selected locations in the area being considered. At each
locatlon, the lowest resistivity value 1s taken, the cumu-
lative percent frequency is calculated, and results are
plotted on extreme value probability paper (resistivity vs.
frequency). From this graph, the probability of encounter-
ing s0ll of resistivity less than a predetermined value
(such as 1000 ohm-centimeters) can be found. Soil corrosiv- é
ity, based solely on resistivity, increases as the probabil- 3
1ty of encountering this value increases,
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Pit depth analysls proceeds in a similar manner, with the
structure excavated and pit depth measured at numerous loca-
tions., Values of the deepest pit at each location are taken,
the cumulative percent frequency 1s calculated, and the re-
sults are plotted on extreme value probability paper (oit
depth vs. frequency). The probable extent of corrosion of
the entire structure can be predicted from this graph.

Soll resistivity probability and extent of corrosion are
then correlated and used to estimate future corrosion prob-
lems, The results are used to determine which solution is
better: corroslon control or eventual structure replacement.

It is emphasized that, whlle soil resistivity data determined
from either method can often indicate a corrosive situation,
many other factors must be considered.

b. Chemical Analysis, Chemical analysis is helpful
in evaluating environmental corrosivity. Ferrous metals,
for example, tend to depolarize in acid solls, and measure-
ment of soll pH could, therefore, help to determine corros-
ivity. Sulfate content is another indicator. Sulfates are
often found 1n soll where anaeroblc bacteria are present
and bacteriologlcal corrosion could be anticipated. Gener-
ally, however, chemical analysis of soil is of limited value
because of the wide varlatlons in composition that can exist
within a very small volume, changes that time can produce,

¢. Voltage Measurements,

(1) General. Four basic voltage measurements, used
to determine whether or not a metal 1s corroding (the need
for cathodic protection), are shown in Figure 5-28. These
are:

a., Structure-to-electrolyte voltage
b. Voltage drop along structure
¢. Structure-to-structure voltage
d. Voltage drop through soil,
These and other field tests are described in paragraph 6.1.2.

Interpretation of these readings will indicate where, when
and to what extent corrosion is occurring. Among other
factors, location of the contact to electrolyte is crucial
for accuracy. Soll resistance can affect voltage readings,
although the greatest resistance is at the structure-to-
electrolyte interface., The farther from the structure the
half-cell 1s placed, the more IR drop through the electro-
lyte 1s included. Also, the farther the half-cell, the more
structure surface explored in measurements.

Analysis of voltage readings can differentiate galvanic-
electrochemical corrosion from stray current corrosion.
Profiles of measurements taken at various points along a
structure are often helpful in this respect. Structure-to-
electrolyte voltages, plotterd as a profile alonp the
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structure, can indicate areas of current pickup and dis-
charge. Current flow profiles are determined from voltage
drops along the structure taken simultaneously at adjacent
test points and plotted as X-Y coordinates. Profiles of
simultaneous current and structure-to-electrolyte voltage at
the same point help to determine areas of pickup and dis-
charge. In combination, an effective analysis of structure
can be obtalned,

It 1s important to recognize that galvanic-electrochemical
cells and stray currents can both be found together on a
structure. An effective analysis will indicate which type(s)
are producing corrosion,

(2) Galvanic and Electrochemical Corrosion. In gal-
vanic and electrochemical cells, as metal becomes more posi-
tive (electrically) to its electrolyte, it becomes more cath-
odic. Structure-to-electrolyte potentials relative to a
copper-copper sulfate (generally used) or cther reference
electrode in contact with electrolyte for an existing struc-
ture will, therefore, indicate corrosivity: They tell
whether current 1s leaving or entering the structure., A
single measurement 1s not conclusive since evaluation is
based on a comparison of several readings.

Where no structure exists, stracture-to-electrolyte potentials
can be taken relative to a plece of metal partially buried in
the ground. A plece of pipe or similar object might be used.

Table 5-12 gives anticlpated corrosivity of ferrous metals
for structure-to-soll potentials measured relative to a cop-
per copper sulfate half-cell, It is important to recall that
structure-to-soil potentials alone do not necessarily give a
true indication of corrosivity,

Measurement ¢f voltage along a structure can indicate if cur-
rent is flowing there. From knowledge of the resistance of
structure metal or an actual predetermined ampere per volt
factor between two reference points, current flow can be
computed., These measurements reveal average current flowing
over the section tested. Small areas cf pickup or discharge
between test lead connections will not be detected.

Table 5-12
Volts (Negative), Ferrous Anticipated
Metal Relative to a Copper- Corrosion
Copper Sulfate Half-Cell Activity
0.15 or below Unlikely
0.15 to 0.45 ‘Mild
0.45 to 0.55 Moderate
Over 0,55 Severe
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The combination of structure-to-electrolyte voltages and
voltage drops along the structure can help pinpoint galvanic
or electrochemical cells, In addition, voltage can be meas-
ured between two electrically insulated sectlons of struc-
ture, or between two structures. This indicates whether

current is flowing between two locations and direction of
flow.
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The fourth measurement, voltage drop through the electro-
lyte, can be used to estimate the tendency for current to

. flow through the earth. Thls is merely an indication and in
itself is not conclusilve,

(3) Stray Current Corrosion., Stray current corros-
ion is revealed by the same measurements as galvanic or
electrochemical corrosion. Interpretation of structure-to- .
soll voltages, however, is different. Instead of measuring i

ik, L S

a natural potentlal difference as in a galvanic or electro-
chemical cell, structure-to-electrolyte voltage measures IR
drop through the stray current circuit. As a result, stray
current discharge depresses voltage, producing a less nega- 3
tive (and occasionally positive) result. ‘

Fluctuating stray current measurement may require using
special recorders which indicate values continuously. Anal-
ysis of this type corrosion includes time as a varilable,

To get some idea as to whether or not stray current might be
a problem prior to construction, "rosette" patterns

~ are made by measuring the potentlial between
a stationary copper-copper sulfate half-cell and a movable
copper-copper sulfate half-cell on a 50-foot radius circle.
Measurements are taken at the eight major points of the com-
pass. Resulting patterns and magnitude of readings indicate
whether stray current, either fluctuating or steady, is
likely to be present.

5.9.2 Limitations. Although cathodic protection is one

. of the mo8t effectIve ways to control corrosion, the follow-

ing limitations must be considered in design and operation:

1. Interference -

. 2., Shielding
Amphoterics
Hydrogen embrittlement
Disbonding of coatings
Maintenance capabilities 1
Difficulties with auto-potential systems :
Pre-engineered inadequacies 3
. Economles

\O 00 oW =W

5.9.2;1 Interference. Nelghboring structures sometimes 3
experlence excessive or objectionable interference from cath- *
odic protection systems, This can be determined only by
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application of test current (simulated cathodic protection)
to structures to be protected. Bonds to foreign structures
can mitigate many interference problems, but sometimes geo-
metry, physical layout, or intercompany friction prevent
this. If a buried or submerged pipe contains unbonded mech-
anical joints, for example, cathodic protection of a nearby
structure could corrode the pipe; a bond between structures
would not eliminate this. Structures in the area should be
considered during design, and their owners contacted., When
objectionable interference occurs, cathodic protection can-
not be used.

5.9.2.2 Shielding. A metal receiving cathodic protec-
tion must be In contact with an electrolyte (most commonly
soll or water) for protective current to flow to its sur-
face., Thils means that parts of a structure in air will not
be protected. Internal structural surfaces will not be pro-
tected by cathodic protection current applied to outside sur-
faces (as with a pipeline inside a "shorted" casing). Also,
when several structures to be protected are grouped closely
together, relatively l1little current may flow to inner struc-
tures. This is called "shielding".

In Pigure 5-29, for example, an impressed current system
supplies three underground tanks with protective current.
The center tank, shlelded by the outer two, receives insuf-
ficient current for cathodic protection. Most of the cur-
rent 1s intercepted by the two outer tanks. A different
system, perhaps spacing anodes between tanks, 1is required
for full protection.

5.9.2.3 Amphoterics. Because excesslive cathodlc pro-
tection voltages produce alkaline conditions at the protect-
ed metal surface, speclal care must be taken when protecting
amphoteric metals. Aluminum and lead, each amphoteric, may
suffer corrosion from alkaline material built up on their
surfaces, For these metals, no voltage in excess of approx-
imately 1.20 volts negative (relative to a copper-copper
sulfate reference electrode) should be used. Correction of
stray current conditions by bonding and cathodic protection
systems must be carefully done where lead and aluminum are
involved. '

Corrosion of lead by cathodlc reactlion products can be con-

trolled as long as protective current is held constant. If

current 1s reduced or interrupted, alkaline material attacks
lead. Since changes or interruptions in protective current

are sometimes required, it 1s safest to keep all amphoteric

metals in the voltage range below 1.20 volts,
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5.9.2.4 drogen Embrittlement. Some failures have
been reported from hydrogen embrlittlement of cathodically-
protected structures. In order for this to occur, extreme-
1y high currents would be required for normally used steels.
Table 5-13 gives accepted safe limits for ferrous-structure-
to-electrolyte potentials in terms of electrolyte resistivi-
ties,

Table 5-13 (Reference 16 )

Safe Limit of Structure-to-Electrolyte Potentials

Structure-to-Electrolyte
Potential (E)
Electrolyte Resistivity (volts, negatlive
{ohm-cm, ) relative to Cu-CuSOy)

2000 1.8
3000 2
5000 2
10,000 2
15,000 2
3

3

3

20,000
30,000 5
40,000
Atomic hydrogen 1s frequently produced on metal surfaces
cathodlcally protected. This 1s part of a normal cathode
reaction, hydrogen evolution. Most hydrogen atoms combilne,
forming a polarization film of molecular hydrogen. Some
atoms, however, are absorbed by the metal. '

These atoms, at ambient temperatures, gather at lattlce
defects - volds or larger incluslons. There, pressure
builds and in some cases eventual brittle failure occurs,
Transgranular or intergranular cracking is possible,

Hydrogen embrittlement is common in steel, but only where
high currents exist. Alloying can increase resistance to
this type failure; 1t 1s generally not observed in low-
alloy steels with tensile strengths below 60,000 psi.

5.9.2.5 Disbonding of Coatings. Another possible

problem caused by hydrogen 1s dlsbonding of thin coatings.
If excessive cathodic protection 1s applled to a structure,
hydrogen may not merely form a polarization film., Hydrogen
gas might bubble off creating great pressure at the edges
of coating defects. Separation of coating from metal sur-
face can result, producing increasing areas of bare metal
as the coating disbonds,

Hydrogen gas will evolve only above the hydrogen over-volt-
age potential, a value which varies depending on metal and
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environment conditions. For steel 1t 1s normally about 1.2
volts negative relative to a copper-copper sulfate electrode.
With paints in water tanks and some other thin coatings,

care should be taken to keep cathodic protection systems ad-
Justed so that the structure potential 1is within a safe
range. With the thicker coatings normally encounteired under-
ground, disbonding may occur only with poor quality coatings
or under very severe soll (water) conditions.

5.9.2.6 Maintenance Conditions., A cathodic protection
system maintenance program 1s necessary to hold electrical
quantities to values specified by the original design.

At the same time, 1t can ensure the most econom-
ical use of current. Cathodlc protection - like any other

electrical system - cannot and wlll not operate continuously
without maintenance.

An effective maintenance program costs money, although in
general it is cheaper than possible system changes.

When the amount of current reaching metal surfaces under
cathodic protection changes to a value too low to do the
Job, the polarization film may deteriorate., Then, a complex
network of 1interconnected structures can become unbalanced,
and corrosion failures may occur. And, the fallure may
occur 1n the structure which 1g intended to be protected,

as well as in other bonded structures,

The density of current reaching metalllic surfaces may be re-
duced by failure of the current source: rectifier of gal-
vanic anodes.

Current may faill because: the anodes will eventually deter-
lorate; connections to anodes and/br between cables and
wires sometimes fall; cables break at submerged or buried
locations due to Imperfections or damage to insulation; the
rectifier unit may become lnoperative or lose its source of
supply.

Even when the D,C., current output from the source remains
constant, other changes in the system may greatly reduce
current density at metal surfaccs 'wnder cathodic protection,

Among these changes: coatlngs may deterlorate or become
damaged; foreign structures %not intended to be receiving
cathodic protection) may come into electrical contact with
the one under cathodic protectlon because of a physlcal con-
tact due to careless construction or malntenance practices;
an insulating Joint might fall; or test leads may accldent-
ally touch,
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Conversely, a structure under cathodic protection may be
overprotected even though the toal D,C. protective current
being supplied 18 still of its initial magnitude. This con-
dition means that electric power 1s being used inefficiently,
and is certainly most critical when large quantities of cur-
rent are employed. Also, hydrogen embrittlement or coating
disbonding could possibly result,

If new construction places foreign structures in the field
of cathodic protection units, current exchange to these will
cause additional dralnage of protective current. Then, cur-
rent intended for protection may actually protect the new
structures. In extreme cases, more current may go to the
foreign structure than to the one intended to be protected.

Therefore, to avold adverse effects to protected or adjacent
structures from system changes, an adequate maintenance pro-
gram, set up by knowledgeable corrosion engineers, 15 essen-
tlal. This must be considered a basic part of cathodic pro-
tection costs.

Also important is proper placement of system components
(rectifiers, test stations, test access holes, and others)
for ease of access., If structure orientation is such that
cathodlec protection system components are inaccessible,
routine maintenance checks may be difficuli or impossible,
Cathodic protection may then become inefrective or even
harmful., Improper locatlons may also interfere with base
operations, if access requlres temporary shutdown of a por-
tion of the facilities,

5.9.2.7 Auto-Potential Systems. Auto-potential (auto-
matic potential controlled) cathodlc protection systems
automatically vary rectifier current output to maintain a
preset potential difference between the protected structure
and a buried reference electrode,

Its effectiveness
is limited by the sensing circultry because potential is
held constant only at the point where the reference elec-
trode 1is placed, Since 1t 1s very likely that different
conditions exist at other points on the structure, current
supplied to maintain sufficlent protection at the reference
point may not adequately protect, or may overprotect, the
remainder. Cinders and other debris in the soill, different
types of soll, differential aeration, sulfate-reducing bac-
teria, coating holidays, and deterioration variations in the
metal surface: these and other conditions can vary current
requirements along a pipeline or other structure, As a re-
sult, the structure may experlence coating disbonding from
overprotection., It may fall from little or no protection.
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Although suggested maintenance [lor these systems 1s low, f f
auto-potentlal systems actually require annual inspections ’
to avolad the problems discussed above. A high inltial cost
plus malntenance cost often makes auto-potential systems
prohibitively expensive, compared to other means of corros-
ion control,.

5.9.2.8 Pre-Engineered Cathodic Protection. Pre-
engineered cathodlic protection is used To mlnimize corrosion {
prevention costs., Thils 1s done because the value of facill- )
ties to be protected does not warrant much expenditure and/ 1
or for maximum competitive positlion. One application of
these galvanic anode or impressed current systems 1s for
buried, coated steel storage tanks, The effectliveness of
pre-englneered cathodlc protection generally depends on tank
slze and coating quality for a given number and configura-
tion of anodes,

Pre-engineered protection is not effective in all installa-
tions. Being standardized, 1t is deslgned for adequate pro-
tection within certaln environmental limits. Conditions out-
side these limits will generally prevent adequate protection.
Further reductlion in percent of installations receilving ade-
quate protection can be expected from damage during installa-
tlon, careless construction practices and changing conditions
after installatlon. Post-installation evaluations are the
only way to detect lnadequately-protected structures,

Two standardization concepts are used. These are 1) a sing-
le design for all conditions and 2) selectlon from multiple
desligns for varylng solil conditions., The multiple selec-
tion deslign is based on limited testing of soil samples.
Some unusual conditions which require speclal treatment or
on site investigation can also be detected. The single de-
sign willl be lecs effective than the multiple selection
(based on limited soll testing) design.

Some condltions which can reduce or render ineffective pre-
engineer2d cathodic protection are:

1. Stray current

2, Very low soll resistivity

This willl cause rapid anode disslpation and early loss of
cathodic protection. Varylng water tables can change resis-
tivity after installatilon. :

3. Varying soll resistivity

High-resistivity soil around anode with low-resistivity
areas around parts of the tank may prevent sufficlent cur-
rent flow for adequate protection.

4, Very acid soil

5. Shielding

The structure can be shielded from protective current by
configuration or forelgn structures,
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6. Excessive coating damage

7. Ineffective dielectric insulation

Defective insulator or short-circuiting by contact with
another metallic structure.

8. Damaged or broken anode lead wires

9. Damage to anode package

This may allow loss of special backfill for anode.

10. High-resistance structure-to-anode connection

11, Poor insulation c¢n structure-to-anode connection
12, Damage to any of the components during backfilling
These condltions, singly or in combination, can prevent
adequate cathodic protection.

Two types of predesigned system are avallable: impressed
current or galvanic anodes. Pre-englneered impressed cur-
rent systems usually rely on current rather than voltage
control., A resistor is connected in series between the
power source and each anode, This resistor is large enough
to make the anode to ground resistance an insignificant per-
centage of total circult resistance, a~d so is the control-
ling factor in current output. Typical is a 1,000 ohm
reslstor and a 110 volt power source to allow approximately
100 milliamperes from each ancde,

Current controlled pre-engineered systems have a distinct
advantage over voltage controlled (galvanic) systems. They
function independently of soil resistivity. Soil resistiv-
ity 1= the major controlling factor in current output of gzal-
vanlc anodes, Impressed current systems, however, are usu-
ally considerably more expensive than galvanic anodes and
require more maintenance.

Half-wave rectification i1s commonly used in pre-engineered,
self-regulating impressed current systems. This results in
unbalanced A,C. on all grounds and interconnected utilitiles
and can cause nolse interference on buried communications
cables. TImpressed current systems are more likely to cause
stray current problems than are galvanic anodes. Half-wave,
current controlled rectifiers without isolating trans-
formers are particularly bad in this respect.

Galvanic anode cathodic protection relies on a voltage
(potential) difference between the anode and the structure
to be protected. The controlling factor in cathodic pro-
tectlion current output 1is resistance of the anode to earth,
which 18, in turn, dependent on the soil resistivity. The
resistance to earth of the protected structure is usually
not significant, particularly for larger structures, when
compared to the resistance of the rest of the circult. If
environment or mechanical conditions require high-current
output for adequate cathodic protection, limited driving
potentlal of galvanlc anodes may not be sufficlient to pro-
vide the needed current,.
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Pre-englneered systems, then, nave limitcd applicablility.

If the structures to be protected are relatively small or
inexpensive (i1.e. shorc lengths of buried pipe or small bur-
ied tanks), current requirement tests may not be economic-
ally feasible., Soil tests should be conducted to evaluate
the need for cathodic protection. If it is decided to use
pre-engineered cathodic protection, 1initial savings must be
balanced against expected replacement costs and safety ha%-
. ard caused by partially-effective cathodlec protection.

e e T ]

5.9.2.9 Economics. Where safety, success of the mis-

. slon, and shutdown TIme required for structure replacement
or repalrs are not of concern, simple economics may dictate
whether or not cathodic protectiun should be used, In gen-
eral, the least expenslve, easlest to maintain and most
practical system is to apply a good quality coating to a
new structure and then to use cathodlc protection to elimin-
ate corrosion at the inevitable breaks in the coating. This
method requires much less current than cathodic protecvion
alone, An economic comparison of several methods of corros-
ion control 1s found in paragraph 2.5; this applies to econ-
omics and cathodic protection. Figure 2-3 compares costs of
several types of cathodic protection,

5.10 ANODIC PROTECTION. Anodlc protection is a very 1lim-
ited and relatively new means of corrosion control. It has
found application only within the last ten years or so. It
is mainly used to protect steel or stainless steel in sulfur-
1c acid. Anodic protection can be applled only to metals
exhibiting active-passive behavior. The protected metal 1is
kept passive (paragraph 3.8) by application of an anodic
current. The level of current required 1s maintained by a
potentiostat. A typlcal example of anodic protection of a
storage tank 1is shown 1n Figure 5-30. The structure 1s
anodic to the auxiliary electrode (usually platinum or plac-
inized metal). A reference electrode, such as standard
silver-sils ~ chloride, and potentlostat control the anodic
current level, Control of corrosion - not elimination - is

. achleved because the rate of corrosion for a passive metal ",
is far lower than for the active metal.

. 5.10.1 Advantages. Advantages of anodic protection as a
means of corroslon control are:

i Generally easy to predict effectlveness and to
design;

Good throwlng power; can protect complex struc-
tures with few electrodes, if properly placed;

Low operating costs, with little current required
even 1n severe corrosives;

Effective In strong corrosives, such as sulfuric

acld;

Easlly monitored; adequate protection determined
from amount of protective current;
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Often possible to apply current intermittently.
This faclllitates protecting several structures with the same
power source,

5.10.2 Limitations. Application of anodic protection 1s
limited for several reasons:
Malfunctions can cause increased corrosion of
metal to be protected;
High installation and initial operating costs;
Applicable only to active-passlive metals such as
iron, steel, and aluminum in passivating electrolytes;
Requires power source;
Limited in-service experience records;

i More complicated circuitry and expensive equipment
3 required,

5.11 ELECTRICAL GROUNDING.

5.11.1 What Grounding 1s. Electrical grounding 1is de-
signed to provlide a low-resistance path to ground for fault
currents, This limits potentials to values safe to person-
nel. Grounding electrodes must be corrosion-resistant and
good electrical conductors., Above all, they must provide
sufficient area in contact with soil so that the current
resistance path will be within allowable limits for the par-
ticular application. Grounding methods described herein do
not apply to hydroelectric generating plants, substatlons,
switching stations, and other similar installations.

5.11.2 Grounding and Corrosion. Most grounding systems
are constructed ol copper. Copper is a good conductor, cor-
rosion-resistant in many solls, and relatively inexpensive.
Very little corroslion difficulty was experienced as a result
of this practice in the early years of electric power distri-
bution, because most electrical circuits were installed over-
head, utillizing wooden structures,

As areas became more thickly populated, electrical distribu-

tion systems were installed underground. The effects of

copper grounding systems on other metal utilitles were not

considered, As a result, severe galvanic corrosion has been

’ experienced. Since most constructlion metals are anodilec to
copper, they will corrode to protect copper when coupled to~
gether in a suitable environment. (This 1s why copper ap-
pears go be so resistant to corrosion in so many environ-
ments,

The most commonly used metals of construction for under-
ground use are 1iron, aluminum, lszad, and zinc. The average
potentlal difference between these metals and copper when
coupled in suiltable electrolyte as solls or water 1s given
in Table 5-14,
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Table 5-14

Galvanic Couple Potentials

Potential Difference

Galvanic Couple : (Volts)
3 Iron-copper 0.55 .
5 Aluminum-copper 1.25
: Lead-copper 0.45
Zine (galvanizing)-copper 0.90 .

Table 5-14 indicates relative driving force to corrode for
the glven metal couples; other conditions belng equal, cor-
rosion rate 1s proportlional to potential difference.

5.11.3 Grounding Systems.

5.11.3.1 Neutral Conductor Networks. The neutral con-
ductor for underground electrical distribution systems 1is

often bare copper cables. Neutrals of transformers and metal
housings for electrical apparatus are often grounded to the
neutral conductor., For water-cooled transformers, water
piping 1s tied to the neutral cable through the transformer.
Lead-sheathed cables are also grounded to the neutral con- ]
ductor cable., Residentlal hot water tanks, and other appli-
ances, form connections between neutral cables and water
piping.

The galvanic couple formed by these connections under suit-
able environmental conditions can rapidly corrode lead-
sheathed cable and water pipling. Iead cable will generally
experience corroslon first, although the voltage differer.ce
between the lead and copper is slightly lower than between
steel and copper. This 1s true because lead has an extreme-
1y high deterioration rate (about 75 pounds per ampere-year).

Such couplings can be greatly reduced during design, by .
specifyling that buried neutral conductor and cables connec-

tione between ground rods be covered with an insulating

Jacket such as vinyl or other sultable material. This re-

duces conductance to earth and can be compensated for by

additional ground rods.
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5.11.3.2 Service Plping for Utilitles. Using cold
water plping to ground electrlcal-service entrance equipment
18 common practice, Cold water piping 1s alsc used for
grounding electrical equipment in many industrial applica- :
tions., Generally, alternating current which may flow as a ‘
result of using the piping system for grounding will not ‘
damage the plping to any extent., Direct current, however,
can cause severe corrosion to »iping, and tie-ins producing

1t should be avoided,
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In addition, when the secondary neutral of a transformer
serving more than one establishment 18 grounded to cold
water piping, galvanic corrosion can occur, For example,
one buillding used {0 ground the neutral conductor has copper
water service. Another, grounding the same conductor, has
galvanized water service, The copper service 1s connected
to the adjacent galvanized service even if both cervices are

_ insulated from the water main., In this case, the galvanized

service pipe will corrode to protect the copper pipe. 1In
order to avold this, individual transformers could be instal-
led for each bullding. However, such a practice would be too
costly and is not feasible, This problem can best be solved
by avoiding the use of.dissimilar metals during construction.
For existing systems, insulating Jjoints should be installed
or the service lines replaced with like metal as they fail,
to avoid corrosion from dissimllar conditions,

5.11.3.3 Buried Metal Grounding Plates. Copper ground-
ing plates produce much the same corroslion problems as copper
rods, intensifled by the larger surface area of plates. This
means larger cathode-to-anode area ratio and increased corros-
ion from the "area effect".

Using zinc or galvanized steel grounding plates will prevent

this because zinc 1is anodic to ferrous metals., The zinc will
corrode, but grounding electrodes can easily be designed for

a life of 25 to 50 years.

Another alternate 1s stalnless steel or stainless-clad
ground rods, which are relatively close 1n potential co most
underground structures.

Aluminum 1s not recommended for grounding. If used ag an
electrical conductor, it should be conpletely insulated from
soll and water, or other molsture.

5.11.4 Grounding Materials - Pro and Con, Copper 1s the
most widely used material for grounding systems, not neces-
sarily because it is the best., It formerly was the only
metal used for grounding and is still specified 1n most elec-
trical codes., These codes are dlfficult to change, even
though alternate materials may be better. Copper, as noted
earlier, 1s cathodic to most structural metals and can cause
serious corrosion when used in grounding systems, Bare cop-
per conductors are frequently used to connect ground rods
(even non-copper rods) and increase area in contact with soil.
This practice, which increases corrosion of other structural
materials, should be avoided especlally when copper 1s not
the ground rod material. Insulated cable will help avoid
serious corrosion from galvanic couples,

If codes require copper grounds, electrolytic cells, gaps,
or other provisions for high current flow should be made to
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minimize galbanic corrosion,

Zinc or galvanized ground rods, when connected to bare struc-
tural metals, create galvanic cells, However, zinc, unlike
copper, becomes the anode of such a couple and corrodes to
protect most structural metals.

Consideration must be given to the l1life of 2zinc ground rods
as zinc 1s greatly affected by local environmental condit-
ions. Zinc rods properly installed in an approved backfill
material (such as 50 percent bentonite and 50 percent hy-
drated gypsum) can be expected to have an operating effici-
ency of 90 percent. This means, that during its useful 1life,
Q0 percent of the zinc consumed will be apparent as useful
output current, while the remaining 10 percent will be used
in self-corrosion processes, A zinc anode can continue to
be used for grounding purposes until the zinc surrounding
the steel core 1s at least 85 percent consumed, If longer
1ife i1s desired, it may be obtained by using two or mnore
ground rods in the same augered hole. The expected life
will then be approximately that of one anode multiplied by
the number of anodes in the same hole, Another solution
would be to use a larger ground rod.

Galvanized steel ground rods react similarly to zinc rods,
but the thin zinc coating 1is rapidly consumed.

Stainless steel ground rods are also used. These do not
provide ferrous structural materials with the same galvanic
corrosion protection as 2zinc, However, they do not corrode
other structures as copper grounds, Steel, of course, 1s
subject to soil corrosion, but can provide satisfactory life
for many applications.

Ground rods made of other metals, such as aluminum, have
been given some attentlon. Copper, zinec, and steel, how-
ever, remain the materials most generally accepted.

5.11.5 1Isolation of Buried Structures From Grounds.
Copper grounding systems have an adverse eltect on cathodic
protection systems. The degree of effectiveness varles with
the area of copper in contact with the soil. Extremely high
values of current will be required to protect underground
structures connected to copper grounds. The reason is that
protective current flows to copper where it is least re-
quired. This is usually true where different metals are
coupled together and cathodically protected. If the under-
ground structures were electrically 1solated from the copper
grounding system, or if zZinc or stainless steel ground rods
were employed, the required protective current would be
much less,

5.12 ENVIRONMENT, Altering the environment can sometimes
reduce corrosion, but the "perfect" environment, llke the
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"perfect" coating, has not been discovered. Removing impur-
ities or dlssolved materials, altering chemical composi-
tions, or substituting an entirely different electrolyte can
sometimes reduce corrosion problems. However, environmental
composition 1s extremely difficult and expensive to control
outside the laboratory, and small impurities can produce
disastrous results, For example, on-grade storage tanks are ’
sometimes placed on a layer of sand to prevent soll corros- !
. ion, Small clods of earth can easily get mixed in the sand
during construction, and earth in contact with the metal is
anodic to the rest of the structure. Unless additional pro-
. tection such as cathodic protection is employed, corrosion
concentrates at this point because of the "“area effect”.

In general, altering the environment 1s effective only when
used with other methods of corrosion control,

5.12,1 Advantages of Uniform Environment. When pipes are
installed In trenches, the backf1ll Is usually a ~ixture of
various soll types due to the nature of trenching operations.
This mixture can cause differential environment corrosion
and should be avoided. A selected backfill, uniform in com-
position and containing no cinders or other debris, can often
help minimize differential enviromment corrosion. It does
not guarantee homogeneity, however, because moisture and

oxygen content as well as other impurities are not practic-
ally controlled.

Similar problems are encountered in water or other 1liquids, i
Dissolved materlial often concentrates in one area of a struc-

ture (such as corners in tanks, crevices, or the bottom of

pipes) producing concentration cell corrosion., Elimination

of dissolved material or aglitation to provide uniform distri-

bution can often mitigate this,

5.12.1.1 Use of Sand as a Backfill. Sand used as a
backf1ll should be Iree from clay, rocks, organic matter,
and mineral salts. Individual particles usually vary from
0.002 to 0.004 inch in size. Many sands contain impurities
and should be washed, Sand of high resistivity, 25,000 ohm-
centimeters or higher, 1s desirable. Use of local sand of
lower resistivity may sometimes be more economical than im-
portation of higher resistivity sand. When low resistivity
sand 1s used, a good coating supplemented by cathodic pro-
tection may be necessary because of inevitable impurities
present,

5.12.1.2 Effects of Cinders and Debris. Cinders and
forelgn matter can damage burled or submerged structures
contacting them., Sharp fragments can penetrate coatings,
producing holidays where corrosion concentrates. Foreign
matter deposited on metal surfaces can cause concentration

cell (paragraph 4.3.2) or crevice corrosion (paragraph 4.3.3).
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Metallic debris contacting structures can produce galvanic
corrosion. Cinders are especially harmful in this respect,
because they contain some unburned carbon, cathodic to
ferrous metals. The large potential difference between
carbon and iron or steel, approximately 2.0 volts, can pro-
duce rapid corrosion. 1In addition, the shielding effect of
cinders or other metal in contact prevents cathodic protec-
tion current from reaching the structure surface below,

5.12.2 Drainage. Standing water from rain or other
sources can produce serlous corrosion, Crevices and other
areas where water pockets can form should be eliminated in

the design phase, If this i1s not feasible, proper drainage
must be provided,

5.12.3 Ducts and Tunnels. Ducts or tunnels are sometimes
used to house lead-sheath cable and other utilities. These
provide 1solation from soll or water and prevent corrosion
by eliminating the electrolyte. Care must be taken to avoid
seepage of water into these structures, because serious cor-
rosion can result. Cathodic protection is frequently em-
ployed to protect lead-sheath cable installed in ducts
(paragraph 4.15.12),

Tunnels are very expensive, but there are times when a tunnel
may be the best answer. This is particularly true when many
utilities and perhaps a pedestrian passage share the same
tunnel.
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APPENDIX A.

GIOSSARY OF CORROSION TERMS
(*Definitions from NACE Standard RP-01-69) ;

Adsorption, The taking up of one substance at the surface §
of another. The tendency of all solids to condense upon

their surfaces a layer of any gas or solute which contact
such solids,

Aerat%on cell (oxygen cell). An electrolytic cell in which
s erence in oxygen concentration at the electrodes ex-
ists, producing corrosion.

Amphoterics, Materials subject to attack by both acid and
:IEEII'

ne environments, Aluminum, zinc, and lead, commonly
used in construction, are examples, .

Anserodi Free of alr or uncombined oxygen; an aerobic
Bicieria are those which do not use oxygen in their life
oycle.

iﬁ%ﬁn‘ A negatively charged ion which migrates toward the
e under influence of a potential gradient.

*Anode, An electrode at which oxidation of its surface or
some component of the solution is occurring. Antonym:cathode.

‘Béll bole., An excavation to expose a buriéd structure.

Cathode, An electrode at which reduction of its surface or
some component of the solution is occurring. Antonym:anode.

tho osion, Corrosion resulting from a cathodic

co on of a structure, usually caused by the reaction of
alksline products of electrolysis with an amphoteric metal.

$Cathodic Protection, A technique to prevent the corrosion
of a metal surface by making that surface the cathode of an
electrochemical cell,

giggg%‘ A positively charged ion of an electrolyte which
grates toward the cathode under the influence of a po-
tential gradient,




gﬂlﬁﬂlﬁlliiﬂn_S%l}i An electrolytic cell in which a dif-
erence in electrolyte concentration exists between esnode
and cathode, producing corrosion.

hd ty bond, A metallic connection that provides
electrical continuity,

:g§§§gg%§g‘ The deterioration of & material, usually a
metal, because of a reaction with its environment.

*Current density, The current per unit area.
:§1°§§§i§21 isolation, The condition of being electrically
separate m other metallic structures or the environment.

*Electro-osmotic effect, Passage of a charged particle
5553%§§\a memE%ane under the influence of a voltage. Soil
may act as the membrane.

‘Elegtrgde Eotent;al= The potential of an electrode as
measured against a reference electrode. The electrode po~-
tential does not include any loss of potential in the sol-
ution due to current passing to or from the electrodes, i.e.

it represents the reversible work required to move & unit

charge from the electrode surface through the solution to
the reference electrode.

Electrolyte, A chemical substance or mixture, usually

quid, containing ions that migrate in an electric field.
Examples are 80il and seawater. .

Ele%tromotive force series (EMF series;, A list of ele-
ments arranged according to their standard electrode po-
tentials, the sign being positive for elements having
potentiais that are cathodic to hydrogen and negative for
those elements baving potentials that are anodic to bydro-

gen,
‘29§§%5g structure. Any structure that is not intended as
ap ) e system of interest,

‘Galvgg;c anode, A metal which, because of its relative
position in the galvanic series, provides sacrificial pro-
tection to metal or metals that are more noble in the ser-

ies, when coupled in an electrolyte. These anodes are the
current source in one type of cathodic protection.
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Galvanic cell, A corrosion cell in wbich anode and cath-
e are dissimilar conductors, producing corrosion because

of their innate difference in potential.

*Galvanic series, A 1list of metals and alloys arranged

aceofﬁing to fieir relative potentials in a given environ-

ment,

*Holiday. A discontinuity of coating that exposes the met-
al surface to the environment.

giggoegn overvoltagg. Voltage characteristic for each met-
a -end ronment combination above which hydrogen gas is lib-
erated.,

*Impressed current. Direct current supplied by a power
source gxternaI to the electrode system. o

*Insulating coating system. All components comprising the
protective coating EEe sum of which provides effective
electrical inaulation of the coated structure.

*Interference bond, A metallic connection designed to con-
trol electrical current interchange between metallic sys-
tens. '

Ion, Electrically charged atom or molecule, -

*IR dro The voltage across a resistance in accordance
with Uﬁmis Law, .

*line current, The direct current flowing on a pipeline.

Local action, Corrosion caused by local cells on a metal
surface.

Mill aca;eE The beavy oxide layer formed during hot fabri-
cation or heat-treatment of metals., The term is applied

chiefly to iron and steel,

Holg;;tz! Concentration of a solution expressed as the
number 0f gram molecules of the dissolved substance per
1000 grams of solvent.

fg‘ A measure of hydrogen ion activity defined by pH =
0810 (1/eH") where aH' = hydrogen ion activity = molal
concentration of hydrogen ions multiplied by the mean ion
activity coefficient (= 1 for simplified calculations).
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‘

;g%g;%ggg;g%; The deviation from the open circuit potent-
al of an electrode resulting from the passage of current.

‘Rigigggge electrode., A device whose open circuit potent-

al is constant under similar conditions of messurement.

*Reverse-current switch. A device that prevents the rever-
o rect curren rough a metallic conductor.

’ngiz current, Current flowing through paths other than
e intended circuit,

sg8tray current corrosion. Corrosion resulting from direct
ourrent fiow through patﬁs other than the intended circuit,
*Structure-to-electrolyte voltagg, (also structure~to-soil
potential or pipe-to-soil potential). The voltage differ-

ence between a buried metallic structure and the electro-

lyte which is measured with a reference electrode in con-
tact with the electrolyte.

sStructure~to-structure voltage., (also structure-to-struct-
ure potential). The difference in voltage between metallic

structures in a common electrolyte.

‘Voltagei An electromotive force, or a difference in elec-
e potentials expressed in volts. .
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APPENDIX B.

DEPARTMENT OF TRANSPORTATION
REGULATIONS

Title 49 —.Trenspbrtation |

Chapter l-Hazardous Materials Regulations Board, Depart-
ment of Transportation.

(Docket No., OPS-5; Amdt, 192-4)

Part 192-Transportation of Natural and other gas by pipe-
line: Minimum Federal safety standards

. Subpart l-Requirements for
Corrosion Control

192,451 Scope.

This subpart prescribes minimum requirements for the pro-

tection of metallic pipelines from external, internsl, and
atmospheric corrosion,

192 . '“53 General,

Each operator shall establish procedures to implement the
requirements of this subpart., These procedures, including
those for the design, installation, operation and mainten-
ance of catbodic protection systems, must be carried out by,
or under the direction of, a person qualified by experi-
ence and training in pipeline corrosion control methods.

192,455 External corrosion control: buried or submerged
pipelines installed after July 31, 1971.

(a) Except as provided in paragraphs (b) and (c) of this
section, each buried or submerged pipeline installed after
July 31, 1971 must be protected against external corrosion,
including the following:

(1) It must have an externsl protective coating meeting
the requirements of 192,46,

(2) It must have a cathodic protection system designed to
protect the pipeline in its entirety in accordance with this
subpart, installed and placed in operation within one year
after completion of construction,

(b) An operator need not comply with paragraph (a) of
this section, if the operator cean demonstrate by tests, in-
vestigation, or experience in the area of application, in-
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cluding, as & minimum, S0il resistivity measurements and
tests for corrosion accelerating bacteria, that a corros-
ive environment does not exist. However, within 6 months
after an installation made pursuant to the proceding sen-
tonceiltbe operator shall conduct tests, including pipe-

to-8011 potential measurements with respect to either a
continuous reference electrode or an electrode using close
spacing, not to exceed 20 feet, and s0il resistivity meas-
urements at potential profile peak locations, to adequ-
ately evaluate the potential profile along the entire pipe-
line. If the tests made indicate that a corrosive con-
diton exists, the pipeline must be cathodically protected
in accordance with parsgraph (a) (2) of this section.

(c) An operator need not comply with paragraph (a) of
this section, if the operator can demonstrate by tests,
investigation, or experience that-

(1) Por a copper pipeline, a corrosive environment does
not exist; or

(2) For @ temporary pipeline with an operating period of
service not to exceed 5 years beyond installation, corro-
sion during the S5~year period cf service of tbe pipeline
will not be detrimentsl to putlic safety.

(d) Notwitbstanding the provisions of paragraph (b) or
(¢) of this section, if a pipeline is externally coated,
it must be catbodically protected in accordance witb para-
graph (a) (2) of this section,

(e) Aluminum may not be installed in & buried or submerg-
ed pipeline if that sluminum is exposed to an environment
with a naturel pH in excess of 8, unless tests or exper-

ience indicate its suitability in the particular environ-
ment involved. . .

192,457 External corrosion control: buried or submerg-
ed pipelines installed before August 1, 1971.

(a) Except for buried piping at compressor, regulator,
and measuring stations, each buried or submerged trans-
mission line installed before August 1, 1971, that bas an
effective external coating must, not later then August 1,
1974, be cathodically protected along the entire area that
is effectively coated, in accordance with this subpart.
For the purposes of this subpart, a pipeline does not have
an effective external coating if its cathodic protection
current requirements are substantially the same as if it
were bare., The operator shall make tests to determine the
cathodic protection current requirements,

(b) Except for cast iron or ductile iron, each of the
following buried or submerged pipelines installed before
August 1, 1971, must, not later than August 1, 1976, be
cathodically protected in accordance with this subpart in
areas in which active corrosion is found:

At
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21; Bare or ineffectively coated transmission lines.
2) Bare or coated pipes at compressor, regulator, and
measuring stations.

(3) Bare or coated distribution lines. The operator shall
determine the areas of active corrosion by electrical sur-
vey, or where electrical survey is impreactical, by the stu-
dy of corrosion and leak history records, by leak detection
survey, or by other means,

(¢) For the purpose of this subpart, active corrosion
means continuing corrosion which, unless controlled, could
result in a condition that is detrimental to public safetye.

192,459 External corrosion control: examination of bur-
ied pipeline when exposed.

Whenever an operator bhas knowledge that any portion of e
buried pipeline is exposed, the exposed portion must be ex-
smined for evidence of external corrosion if the pipe is
bare, or if the coating is deteriorated. If externsal cor-
rosion is found, remedial action must be taken to the ex-
tent required by 192.483 and the applicable paragraphs of
192,485, 192.487, or 192,489,

192,461 Externsl corrosion control: protective coating.

(a) Each external protective coating, whether conductive
or insulating, applied for the purpose of external corro-
sion control must-

1) Be applied on a properly prepared surface;

2) Have sufficient adhesion to the metal surface to
effectively resist under-film migration of moisture;

3) Be sufficiently ductile to resist cracking;

4) Have sufficient strength to resist damage due to
bandling and soil stress; and

(5) Have properties compatible with any supplemental
cathodic protection.

(b) Each external protective coating which is an elect-
rically insulating type must also have low moisture ab-
sorption and high electrical resistance.

(¢) Each external protective coating must be inspected
Just prior to lowering the pipe into the ditch and back- .
£illing, and any damage detrimental to effective corrosion
control must be repaired.

(4) Each external protective coating must be protected
from demage resulting from adverse ditch conditions or dam-
age from supporting blocks, ‘

(e) If coated pipe is installed by boring, driving, or
other similar method, precautions must be taken to minimize
damage to the coating during inatallation,
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192.463 External corrosion control: cathodic protection.

(a) Each cathodic protection system required by this sub-
part must provide a level of cathodic protection that com-
ziéel with one or more of the applicable criteria contained

Appendix D of tbhis subpart. If none of these criteria
is spplicadle, the cathodic protection system must provide
& level of cathodic protection at least equal to thaet pro-
vided by compliance with one or more of these criteria.

(b) If amphoteric metals are included in a buried or sub-
lo:gog pipeline containing a metal of different anodic pot-
ential-~

(1) The smphoteric metals must be electrically isolated
::::.:Pn remainder of the pipeline and catbodically pro-

3 or

(2) The entire buried or submerged piveline must be cath-
odically protected at a cathodic potential that meets the
requirements of Appendix D of this part for amphoteric met-

(;) The amount of cathodic protection must be controlled
80 as not to damage the .rotective coating or the pipe.

192,465 External corrosion control: monitoring.

(a) Except where impractical on off-shore pipelines, each
pipeline that is under cathodic protection must be tested
&t least once each calendar year, but with intervals not
exceeding 15 months, to determine whetber the cathodic pro-
tection meets the requirements of 192.463, However, if
tests at those intervals are impractical for separately
protected service lines or short sections of protected
Bains, not in excess of 100 feet, these service lines and
mains may be surveyed on a sampllng basis., At least 10
percent of these protected structures, distributed over the
entire system must be surveyed each calender year, with a
different 10 percent checked each subsequent year, so that
the entire system is tested in each 10-year period.

(b) At intervals not exceeding 2 months, each cathodic
protection rectifier or other impressed current powver
source must be inspected to ensure that it is operating.

(¢) At intervals not exceeding 2 months, each reverse
current switch, each diode, and each interference bond
whose failure would jeopardize structure protection, must

be electrically checked for proper performance. Each other

interference bond must be checked at least once each calen-
dar year, dbut witbh intervels not exceeding 15 months.

(4) Each operator shall take prompt remedial action to
correct any deficiencies indicated by the monitoring.

So) After the initial evaluation required by paragrapbs
(b) snd (¢) of 192.455 and paragraph (b) of 192.457, each
operator shall, at intervels not exceeding 3 years, reevalu-
ate its unprotectel pipelines and cathodically protect them

b
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in accordance with, this subpart in areas in which active
corrosion is found. The operator shall determine the
areas of active corrosion by electrical survey, or where
electrical survey is impracticael, by the study of corros-
ion and leak history records, by leak detection survey, or
by other means,

19%;467 External corrosion control: electrical isola-
Ofe

(a) Each buried or submerged pipeline rmust be electric-
8lly isolated from other underground metallic structures,
unless the pipeline and the other structures are electric-
ag}y interconnected and catbodically protected as a single
unit,

(b) An insulating device must be installed where electri-
cal isolation of a portion of 8 pipeline is necessary to
facilitate the application of corrosion control.

(¢) Except for unprotected copper inserted in ferrous
pipe, each pipeline must be electrically isolated from
metallic casings that are a part of the underground system.
However, if isolation is not achieved because it is im-
practical, other measures must be taken to minimize cor-
rosion of the pipeline inside the casing,

(4) Inspection and electrical tests must be made to
assure that electrical isolation is adequate.

(e) An insulating device may not be installed in an area
vhere a combustible atmosphere is anticipated unless pre-
cautions are tesken to prevent arcing.

(£) Where a pipeline is located in close proximity to
electrical transmission tower footings, ground cables or
counter-poise, or in other areas where fault currents or
unusual risk of lightning may be anticipated, it must be
provided with protection against damage due to fault cur-
rents or lightning, and protective measures must also be
teken at insulating devices.

192,469 External corrosion control: test sfations.

Except where impractical on offshore and wet marsh ares
pipelines, each pipeline under cathodic grotection requir-
ed by this subpart must have sufficient test stations or
other contact points for electrical measurement to deter-
mine the adeguacy of cathodic protection.

192.471 Externsl corrosion control: test leads,

(a) Esch test lead wire must be connected to the pipe-
line s0 as to remain mechanically secure and electrically
conductive,

(b) Each test lead wire must be attached to the pipeline
80 as to minimize stress concentration on the pipe.
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(c) Esch bared test lead wire and bared metallic ares at
point of comnection to the pipeline must be coated with an

electrical 1nau1.tin§ material compatible with the pipe
coating and the insulation on the wire.

192.:z; External corrosion control: interference cur-
ronus,

{a) After July 31, 1973, each operator whbose pipeline
system is subjected to stray currents shall bave in effect
@ continuing program to minimize the detrimental effects cf
such currents. :

(b) Easch impressed current type cathodic protection sys-
tem Oor galvanic anode system must be designed and installed

80 as to minimize any adverse effects on existing sdjacent
underground metailic structures.

192,475 Internal corrosion control: general.

(a) After July 31, 1972, corrosive gas may not be trans-
ported by pipeline, unless the corrosive effect of the gas
on the pipeline has been investigated and steps have been
taken to minimize internal corrosion.

(b) Whenever any pipe is removed from a pipeline for any
reason, the internal surface must be inspected for evidence
of corrosion., If internsl corrosion is found-

(1) The adjacent pipe must be investigated to determine
the extent of internal corrosion;

(2) Replacement must be made to the extent required by
::; spplicable paragraphs of 192,485, 192,487, or 192.489;

(2) Steps must be taken to minimize the internal cor-
rosion. -

(c) Gas containing more than 0,1 grain of bydrogen sul-
f£ide per 100 standard cubic feet may not be stored in pipe-
type or bottle-~-type holders.

192,477 Internal corrosion control: monitoring.

If corrosive gas is being transported, coupons or other
suitadble means must be used to determine the effectiveness
of the steps taken to minimize internal corrosion. After
July 31 1572, each coupon or other means of monitoring
1ntornai

corrosion must be checked at intervals not exceed-
ing 6 months,

192,479 Atmospheric corrosion control: genersal.

(a) Pipelines installed after July 31, 1971, Each above-
sround pipelines or portion of a pipeline installed after
uly 31, 1971 tbat is exposed to the atmosphere must be
cleaned and either coated or jacketed with a materisl suit-

‘,L’;l)
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ator need not comply witbh this paragraph, if the operator
can demonstrate by test, investigation, or experience in

the area of application, that a corrosive atmosphere does
not exist, '

(b) Pipelines installed before August 1, 1971, Not later

than August 1, 1974, each operator having an above-ground

gipgline or portion of a pipeline installed before August
1

1l that is exposed to the atmosphere, shall-
i(111Detemine the areas of atmospheric corrosion on the
P ine;

2) If atmospheric corrosion is found, take remedial
measures to the extent required by the applicable para-
graphs of 192,485, 192,487, or 192.489; and

(3) Clean and either coat or jacket the areas of atmos-
pberic corrosion on the pipeline with a material suitable
for the prevention of atmospheric corrosion.

192,481 Atmosphberic corrosion control: monitoring.

After meeting the requirements of paragraphs (a) and (b)
of 192.479, each operator shall, at intervals not exceeding
3 years, reevaluate its above-ground pipelines or portions
of pipelines that are exposed to the atmosphere and take
remedial action wherever necessary to maintain protection
against atmospberic corrosion.

192,483 Remedisl measures: general,

(a) Each segment of metallic pipe that replaces pipe re-
moved from a buried or submerged pipeline because of exter-
nal corrosion must bave a properly prepared surface and
must be provided with an external protective coating that
meets the requirements of 192.461.

(b) Each segment of metallic pipe that replaces pipe re-
moved from a buried or submerged pipeline because of exter-
nal corrosion must be cathodiceally protected in accordance
with this subpart.

(¢) Except for cast iron or ductile iron pipe, each seg-
ment of buried or submerged pipe that is required to be re-
paired because of external corrosion must be cathodically
protected in accordance with this subpart.

192,485 Remedial measures: transmission lines.

(a) General corrosion., Each segment of transmission line
pipe with general corrosion and with a remaining wall
thzzkness less than that required for the maximum allow-
able operating pressure of the pipeline, must be replaced
or the operating pressure reduced commensurate with the
sctual remaining wsll thickness., However, if the area of

233

able for the prevention of atmospheric corrosion. An oper-
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generel corrosion is smsll, the corroded pipe may be re-

:;trnd. Corrosion pittinz so closely grouped as to affect 1
overall strength of the pipe is considered genersl cor- 3
rosion for the purpose of this paragraph, 1

~(b) Localized corrosion pitting., Each segment of trans- '
mission line pipe with localized corrosion pitting to a de-
gree vhere leakage might result must be replaced or repair-
ed, or the operating pressure must be reduced commensurate
vi%b the strength of the pipe, based on the actual remain-
ing wvall thickness in the pits,

192.487 Remedial measures: distribution lines other
than cast iron or ductile iron lines.

(a) Genersl corrosion. Except for cast iron or ductile
iron pipe, each segmenu of generally corroded distribution
line pise with a remaining wall thickness less than that
required for the maximum allowable operating pressure of
the pipeline, or a remaining wall thickness less than 30

rcent of the nominal wall thickness, must be replaced.

ever, if the area of general corresion is small, the cor-
roded pipe may be repaired. Corrosion pitting so closely
grouped as to affect the overall strength of the pipe is
considered general corrosion for the purposs of this para-

graph, i
(b) Locelized corrosion pitting, Except for cast iron or g
ductile iron pipe, each segment of distribution line pipe
with localized corrosion pitting to a degree where leakage

. might result must be replaced or repsaired.

; 192,489 Remedial measures: cast iron and ‘ductile iron
2 pipelines.

1
(a) General graphitization. Each segment of cast iron or ;
ductile iron pipe on which general graphitization is found
to a degree where a fracture or any leakage might result,
-nzt be replaced. .

b) Localized grapbitization. Each segment of cast iron
or ductile iron pipe on which localized graphitization is
found to a degree where any leakage might result, must be
replaced or repaired, or sealed by internal sealing methods
sdequate to prevent or arrest any leskage,
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192,491 Corrosion control records.

(a) After July 31, 1972, each operator shall maintain re-
cords or maps to show the location of cathcdically protect-
ed piping, catbodic protection facilities, other than unre- ‘
cordos vanic anodes installed before August 1, 1971, and ;
neighboring structures bonded to the cathodic protection

sten.,

.’(b) Each of the following records must be retained for as
long as the pipeline remains in service:
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(12 Each record or map required by paragraph (a) of this
section. P

(2) Records of each test, survey, or inspection required b
by this subpart, in sufficient detail to demonstrate the ;
adequacy of corrosion control measures or that a corrosive ‘
condition does not exist.

e i

Appendix D-Criteria for Cathodic Protection and Determina-
tion of Measurements )

I. Criteria for cathodic protection-A. Steel, cast ironm,
and ductile iron structures.,

(1) A negative (catbodic) voltage of at least 0.85 volt,
with reference to a saturated copper-copper sulfate half
cell, Determination of this voltage must be made with the
g§otective current applied, and in accordance with sections

and 1V of this appendix.

(2)' A negative (cathodic) voltage shift of at least 300
millivolts, Determination of this voltage shift must be
made with the protective current applied, and in accordance
with sections II and IV of this appendix. This eriterion
! of voltage shift applies to structures not in contact with
| metals of different anodic potentials, 3

(3) A minimum negative (cathodic) polarization voltage 3
shift of 100 millivolts., This polarization voltage shift 3
must be determined in accordance with sections III and IV
of this appendix.

(4) A voltege at least as negative (cathodic) as that

. originally established at the beginning of the Tafel seg-
ment of the E-log-I curve. This voltage must be measured
in accordance with section IV of this appendix.

(5) A net protective current from the electrolyte into
the structure surface as measured by an earth current tech-
nique applied at predetermined current discharge (anodic)
points of the structure.

B. Aluminum structures. (1) Except as provided in sub-

graphs (3) and (4) of this paragraph, a minimum negative

Ecathodic)voltage shift of 150 millivolts, produced by the

application of protective current. The voltage sbift must

be determined in accordance with sections II and IV of this
appendix,

53) Except as provided in subparagraphs (33 and (4) of
this paragraph, a minimum negative (cathodic) polarization
voltage shift of 100 millivolts. This polarization volt-
‘5‘ shift must be determined in accordance with sections
I1I end IV of this appendix.

(3) Notwithstanding the alternative minimum criteria in
subparagraphs (1) and (2) of this paregraph, aluminum, if
cathodically protected at voltages in excess of 1.20 volts
a8 measured with reference to a copper-copper sulfate half

.
Vi
!
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cell, in accordsnce with section IV of this sppendix, and

ocompensated for the voltage (IR) drops other than those

across the structure-electrolyte boundary, may suffer cor-
rosion resulting from the build-up of alkali on the metal
surface, A voltage in excess of 1,20 volts may not be used
unless previous test results indicate no appreciable cor-
rosion will occur in the particular environment.

(4) Since aluminum may suffer from corrosion under high
pH conditions, and since application of cathodic protection
tends to increase the pH at the metal surface, careful in-
3 vestigation or testing must be made before applying cathodic
g protection to stop pitting attack on aluminum structures in

environments with a natural pH in excess of 8.

C. Copper structures. A minimum negative (cathodic) po-
larigation voltage shift of 100 millivolts. This polariza=-
tion voltage shift must be determined in accordance with
sections III and IV of this appendix.

. De 'Metals of different anodic potentials. A negative
(cathodic) voltage, measured in accordance with section IV
of this appendix, equal to that required for the mcst anod-
ic metal in the system must be maintained. If amphoteric
structures are involved that could be damaged by bigh alka-
linity covered by subparagraphs (3) and (4) of paragraph B
of this section, they must be electrically isolated with
insulating flanges, or the equivalent.

II. Interpretation of voltage measurement. Voltage (IR)
drops other thar those across the structure-electrolyte
boundary must be considered for valid interpretation of the

- voltage measurement in paragraph A(l) and (2) and parsgraph
B(1l) of section 1 of this appendix,

III. Determination of polarization voltagé shift. The
polarization voltage shift must be determined by interrupt-
ing the protective current and measuring the polarization
decay, When the current is initially interrupted, an im-
mediate voltage shift occurs. The voltage reading after
the immediate shift must be used as the base reading from
which to measure polarization decay in paregraphs A(3), B

I (2), and C of section 1 of this appendix.

! « Reference half cells. A, Except as provided in para-

! grepbs B and C of this section, negative (cathodic) voltage
aust be measured between the structure surface and a sat-
ur:ted copper-copper sulfate half cell contacting the elec-
ro (- 1Y

ﬁftOther standard reference half cells may be substituted

! for the saturated copper-copper sulfate half cell. Two

: commonly used reference half cells are listed below along

with their voltage equivalent to -0.85 volt as referred to

; 8 sstureted copper-copper sulfate half cell:

v i§ S8aturated KCl calomel balf cell: -0.78 volt.

2) Silver-silver chloride balf cell used in sea water:
-0,80 volt,
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C. In addition to the standard reference half cells, an
alternate metallic material or structure may be used {n
place of the saturated copper-copper sulfate bhalf cell if
its potential stability is assured and if its voltage equi-
valent referred to a saturated copper-copper sulfate half
cell is established.

(R Doc. 71-9221 Filed 6-29-71; 8:48 am)

TRANSPORTATION 6? LIQUIDS BY PIPELINE*
SUBPART A -- GENERAL

AFFECTED FACILITIES

195.1 Scope.

(a) Except as provided in paragraph (b) of this section,
this part prescribes rules governing the transportation by
pipeline in interstate and foreign commerce of hazardous
materials that are subject to Parts 172 and 173 of this
chapter, petroleum, and petroleum products.

b) This part does not apply to-

1) Transportation of water or any commodity that is
transported in a gaseous state;
§2; Transportation through a pipeline by gravity;

3) Transportation through pipelines that operate at a
stress level of 20 percent or less of the specified mini-
mum yield strength of the line pipe in the system; and

(4) Except for Subpart B of tbis part, transportation of
petroleum in rural areas between a production facility and
the point where the petroleum is received by a carrier,

SUBPART D ~— CONSTRUCTION
REQUIRED PROTECTIVE MEASURES
195.236 External corrosion protection.

Each component in the pipeline system must be provided
with protection against external corrosion.

195.238 External coating.

(a) No pipeline system component may be buried unless
that component bas an external protective coating that-

(1) Is designed to mitigate corrosion on the buried com-
ponent

(2) Has sufficient adhesion to the metal surface to pre-
vent underfilm migration of moisture;

(3) Is sufficiently ductile to resist cracking;

(4) Has enough strength to resist damsge due to handling
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and soil stress; and

(5) Bngports any supplemental cathodic protection.

addition, if an insulating-type coating is used it must
bave low moisture absorption and provide high electrical
resistence.

(b) A1l pipe coating must be inspected just prior to low-
ering the pipe into the ditch and any damage discovered
sust dbe repaired.

195.242 Cathodic protection system.

(a) A catbodic protection system must be installed for
all buried facilities to mitigate corrosion deterioration
that might result in structural failure. A test procedure
must be developed to determine whether adequate cathodic
protection has been achieved.

(b) A cathodic protection system must be installed not
later than 1 year after completing the construction.

195,244 Test leads. Y

(a) Except for offshore pipelines, electrical test leads
used for corrosion control or electrolysis testing must be
installed at intervals frequent enough to obtain electrical
:easgrementa indicating the adequacy of the cathodic pro-

ection,
Ebg Test leads must be installed as follows:

1) Enough looping or slack must be provided to prevent
:g;{ileads from being unduly stressed or broken during back
" nge.

(2) Each lead must be attached to the pipe so as to pre-
vent stress concentration on the pipe.

(3) Each lead installed in a conduit must be suitably in-
sulated from the conduit.

SUBPART F -- OPERATION AND MAINTENANCE

CATHODIC PROTECTION REQUIREMENTS
195.414 Cathodic protection.

(a) After March 31, 1973, no carrier may operate a pipe~
line that has an external surface coating material, unless
that pipeline is cathodically protected. This paragraphb
does not apply to tank farms and buried pumping staticn

iping.
P bggzach carrier shall electrically inspect each bare
pipeline before April 1, 1975, to determine any areas in
which active corrosion is taking place. The carrier may not
increase its established maximum operating pressure on a
section of bare pipeline until the section has been so
electrically inspected. In any areas where active corros-
ion is found, the carrier shall provide cathodic protection.
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Section 195.416 (f) and (g) applies to all corroded pipe
that if found.

(¢) Each carrier shall electrically inspect all tank
farms and buried pumping station piping before April 1,
1973, as to the need for cathodic protection, and cathodic
protection shall be provided where necessary.

EXTERNAL CORROSION CONTROL
TESTING AND INSPECTION
195.416 External corrosion control.

(a) Each carrier shall, at intervels not exceeding 12
months, conduct tests on each underground facility in its
pipeline systems that is under cathodic protection to de-~
termine whetber the protection is adequate,

(b) Each carrier shall maintain the test leads required
for cathodic protection in such a condition that electrical
measurements can be obtained to ensure adequate protection.

(¢) Each carrier shall, at intervals not exceeding 2 mon-
ths, inspect each of its cathodic protection rectifiers.

& Each carrier shall, at intervals not exceeding 5
years, electrically inspect the bare pipe in its pipeline
sytem that is not cathodically protected and must study
leak records for that pipe to determine if additional pro-
tection is needed.

(e) Whenever any buried pipe is exposed for any Treason,
the carrier shall examine the pipe for evidence of external
* corrosion. If the carrier finds that there is active cor-
rosion, that the surface of the pipe is generally pitted,
or that corrosion has caused a leak, it shall investigate
further to determine the extent of the corrosion.

(f) Any pipe that is found to be generally corroded so
that the remaining wall thickness is less than the mini-
mum thickness required by the pipe specification tolerances
must either be replaced with coated pipe that needs the re-
quirements of this part or, if the area is small, must be
repaired. However, the carrier need not replace generally
corroded pipe if the operating pressure is reduced to be
commensurate with the limits on operating pressure specif-
ied in this subpart, based on the actual remaining wall
thickness.

(g) If isolated corrosion pitting is found, the carrier
shall repair or replace the pipe unless-

(1) The diasmeter of the corrosion pits, as measured at the
surface of the pipe, is less than the nominsl wall thickness
of the pipe; and

(2) The remaining wall thickness at the bottom of the pits
is at least 70 percent of the nominal wall thickness.

(k) Each carrier shall clean, cost with material suitable
for the prevention of atmospheric corrosion, and, msintain
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this tection for, each component in its pipeline system
thet is exposed to the atmosphere,

INTERNAL CORROSION CONTROL
195.418 Internal corrosion control.

‘(a) Ko carrier may transport sny commodity that would
corrode the pipe or other components of its pipeline sys-
tem, unless it has investigated the corrosive effect of the
commodity on the system and has taken adequate steps to
mitigate corrosion.

(b, If corrosion inhibitors are used to mitigate internsl
corrosion the carrier shall use inhibitors in sufficient
I:;ntity to protect the entire part of the system that the

ibitors are designed to protect and shall also use cou-
pons or.other monitoring equipment to determine their
vffectiveness.

(¢c) Tbe carrier shall, at intervals not exceeding 6 mon-
ths, exsmine coupons or other types of monitoring equipment
to determine the effectiveness of the inhibitors or the ex~
tent of any corrosion.

(@) Whenever any pipe is removed from the pipeline for
any reason, the carrier must inspect the internal surface
for evidence of corrosion. If .he pipe is generslly cor-
roded such that the remaining wall thickness is less than
the minimum thickness required by the pipe specification
tolerances, the carrier shell investigute sdjacent pipe to
determine the extent of the corrosion. The corroded pipe
sust be replaced with pipe that meets the requirements of

this part.

(*) Excerpt from Federsl Reg%ster, October &, 1969, Title
49 - Trensportation, - portation of iiquid:
by Pipeline.
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AFPENDIX C.
ELECTROMOTIVE PORCE SERIES

Megnesium = Mg*t + 2¢”
Beryllium = Be'' + 2¢

Iron = P, + 2¢
Indive = g""‘ﬁf;o"
Thelliom = T1) + ¢ _
Cobalt = Co  + 2
Bickel = Bil} + 2¢C
Tesd - Fort S 2
= a‘ + 30
Copper = Cu't + 20~
Copper = Cuj + o _
Silver = Ag' .+ :'2.
Pelladium = PA** 4+ 2¢°
“ -
Nercury = + 20
Ratiom Pl -
= +
Gold = Au* «+ .‘“

8 Electrode

volts

-2,922
-2.87
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TABLE D-1 (Continued)

GALVANIC SERIES WITH RESPECT
TO SATURATED CALOMEL ELECTRODEL

Negative Potential
to Saturated Calomel

Metal . Electrode, voltsl
. Nickel . 6 8% 0.20
Stainless steel type 316, 18% Cr
124 N1, 3% Mo (active)’ ’ 0.18
Inconel 0.17
3 Stainless steel t 410,
3 13% Or (passivexpe . 0.15
5 Titanium (commercial) 0.15
-1 Silvér 0.13
3 Titanium (high purity from iodide) 0.10
Stainless steel type 304
18% Cr, 8% Ni (passives 0.08
Hastelloy C - 0.08
Monel . 0.08

Stainless steel type 316’ 18% Cr

12% N1, 3% Mo (passive 0.05

1 Based on potentiai measurements in sea water; velocity
of flow, 13 ft. per sec.; temperature 25°C. (77°F.)
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' APPENDIX D,
TABLE D-1

GALVANIC SERIES WITH R_3PECT
TO SATURATED CALOMEL ELECTRODE!

Metal

Zinc

Aluminum (Alclad 3S)

Aluminum (3S-H)

Aluminum GIS-T;

Aluminum (52S-H

Cast iron

Carbon gteel

Stainless steel type 430
17% Cr (active)

Ni-resist cast iron, 20% 1

Stainless steel type 304
18% Cr, 8% N1 (active)

Stainless steel type 410,
13% Cr (active)

Ni-resist cast iron, 30% Ni
Ni-resist cast iron, 30% Ni + Cu
Naval rolled brass

Yellow brass

Copper

Red brass
Composition .G bronze
Admiralty brass

90-10 Cupro nickel, 0.8% iron
70-30 Cupro nickel, 0.06% iron
70-30 Cupro nickel, O.47% iron
Stainless steel t 430,

17% Cr (pasaivegpe

Negative Potentlal
to Saturated Calomsl
Electrode, volts

1.0

0.9

0.79
0.76
0.74
0.61
0.61
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1 peged on potential measurements in sea water; velocity
of flow, 13 ft. per sec.; temperature 25°C. (TT°F).




’ TABLE D-2

GALVANIC SERIES WITH RESPECT TO
SATURATED COPPER~-COPPER SULFATE ELECTRODEL

Negative Potential to Saturated

Metal Copper-Copper Sulfate electrode
. Magnesium (Galvomag alloy)2 1.75
Magnesium (H-1 alloy)? ' 1.55
Zinc 1.10
. Aluminum (Alclad 3S) 1.01
Cast iron 0.68
Carbon steel 0.68
. Stainless steel type 430, 17% CrP 0.64
Ni-resist cast iron, 20% Ni 0.61
Stainless steel type 304, 18% Cr,8% NiP 0.60
Stainless steel type 410, 13% crb 0.59
Ni-resist cast iron, 30% Ni 0.56
Ni-resist cast iron, 20% Ni + Cu 0.23
Naval rolled brass 0.47
Yellow brass 0.43
Copper 0.43
Red brass 0.40
Bronze, composition G 0.38
Admiralty brass 0.36
90:10 Cu-Ni + 0.8% Fe 0.32
70:30 Cu-Ni 4+ 0.06% Pe 0.3
70:30 Cu-Ni + 0.47% Pe 0.32
. Stainless steel type 430, 17% Crb 0.29
Nickel 0.27
Stainless steel type 316, 18% Cr, .
12¢ Ni, 3% MobP ' 0.22
Inconel 0.2
3 Stainless steel type 410, 13% Crb 0.22
- Titanium (commercial) 0.22
Silver 0.20
Titanium (high purity from “odide) 0.17
. Stainless steel type 304,186 cr,8% NiP 0.15
. Hastelloy C 0.15
Monel 0.15
Stainless steel type 316, 18% Cr,
12% N1, 3% MoP - 0.12
1 paged on potential measurements in sea water; velocity

of flow, 13 ft. per sec.; temperature 25°C. (77°F).

& Based on data by The Dow Chemical Company.

b The stainless steels as a class exhibited erratic poten-
‘ tials depending on the incidence of pitting and corrosion in
‘ the crevices formed around the specimen supports, The values
listed represent the extremes observed and, due to their er-
ratic nature, should not be considered as establishing an in-
variable potential reaction among the alloys which are covered.
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